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Nature’s evolution has introduced highly efficient biological
functions, material, and mechanisms. Understanding the
engineering principles in nature and how these evolved over
time have inspired new forms of development. Bioinspiration
establishes the basis of bioinspired design that offers an
enormous potential for the improvement of all aspects of
modern human life. This field emerges as an innovative
research development field aiming to draw inspiration and
substances from nature and create biological systems in
functions, structure, and mechanism. This field introduces
promising interdisciplinary scientific and technological chal-
lenges that are helping to solve modern human problems.

In every scientific development including the field of bio-
logically inspired robotics, biological phenomena and ideas
are inspiring innovations leading to new designs and devel-
opment of new products and devices that include sensing,
control, intelligence, behaviors, actuation, and mechanisms.

This special issue includes 5 papers and it is focused on
the theoretical and technological challenges of evolutionary
transformation from biological systems to intelligent robots.

The paper “ARM-Cortex M3-Based Two-Wheel Robot
for Assessing Grid Cell Model of Medial Entorhinal Cortex:
Progress towards Building Robots with Biologically Inspired
Navigation-Cognitive Maps” by J. Cuneo et al. presents the
implementation and use of a two-wheel autonomous robot
and its effectiveness as a tool for studying the use of grid cells
as part of mammalian’s brains space-mapping circuitry. The
paper introduces a discrete-time algorithm that emulates the
medial entorhinal cortex and demonstrated it on the robot to
explore a limited laboratory area. Position coordinate neural

mapswere achieved asmathematically predicted although for
a reduced number of implemented neurons.

The paper “Design of a New Nonlinear Stiffness Com-
pliant Actuator and its Error Compensation Method” by S.
Lan and Z. Song discloses a design method for nonlinear
stiffness compliant actuator that can perform a predefined
deflection-torque trajectory of the regular phenomenon. A
roller and a cantilever which have special curve profile
constituted the basic mechanical structure of the nonlinear
stiffness compliant actuators. An error compensationmethod
was proposed to analyze the stiffness of elastic structure. The
developed design was tested using simulation and the results
show its effectiveness.

The paper “Review of Neurobiological Based Mobile
RobotNavigation SystemResearch Performed Since 2000” by
P. Zeno et al. presents a literature survey of the state-of-the-art
research on rodent neurobiological and neurophysiological
based navigation systems that incorporate models of spatial
awareness and navigation brain cells. The main focus was to
explore the functionality of the cognitive maps developed in
the mobile robot systems with respect to route planning, as
well as a discussion/analysis of the computational complexity
required to scale these systems.

The paper “Bioinspired Knee Joint for a Power-Assist
Suit” by T. Kikuchi et al. proposes a bioinspired knee joint
and torque adjustment mechanism to assist the standing
movement of a human. The developed mechanism was
evaluated with human subject for its motion, torque charac-
teristics, and stress. Despite the 33% error in deep flexion, the
measured torque was less than 120 degrees and fitted to the
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designed torque curve.The result demonstrated 30% and 63%
reduction with the assistance from 100-degree and 80-degree
knee angles, respectively.

The paper “A Review on Compliant Joint Mechanisms
for Lower-Limb Exoskeletons” by M. Gálvez-Zúñiga and A.
Aceves-López is focused on compliant joint mechanisms for
lower limb aiming to comply with its user since 2000.

Liwei Shi
Maki Habib
Nan Xiao

Huosheng Hu
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This article presents the implementation and use of a two-wheel autonomous robot and its effectiveness as a tool for studying
the recently discovered use of grid cells as part of mammalian’s brains space-mapping circuitry (specifically the medial entorhinal
cortex). A proposed discrete-time algorithm that emulates the medial entorhinal cortex is programed into the robot. The robot
freely explores a limited laboratory area in the manner of a rat or mouse and reports information to a PC, thus enabling research
without the use of live individuals. Position coordinate neural maps are achieved as mathematically predicted although for a
reduced number of implemented neurons (i.e., 200 neurons). However, this type of computational embedded system (robot’s
microcontroller) is found to be insufficient for simulating huge numbers of neurons in real time (as in the medial entorhinal
cortex). It is considered that the results of this work provide an insight into achieving an enhanced embedded systems design
for emulating and understanding mathematical neural network models to be used as biologically inspired navigation system for
robots.

1. Introduction

This article describes the design and use of an ARM-Cortex
M3-based board two-wheel robot in which the neurons
within the space-mapping system are named grid cells (GCs
hereafter). The GCs were discovered in 2005 by M.-B. Moser
and E. I. Moser, who received the Nobel Prize for Medicine
in 2014 [1]. The GCs have periodic triangular arrays and are
hypothesized to function as the mammalian (e.g., rats and
mice, possibly also humans) positioning-metric navigation
system [2–4]. They are place-modulated neurons positioned
on the medial entorhinal cortex (MEC hereafter). Multiple
firing locations are found on these triangular arrays when
an individual moves around a particular location. The firing
information is then posted towards more structured neural
networks to control movements (for instance, to place cells)
[5]. In this respect, research about GCs is addressed using
extracellular action potentials recorded from MEC neurons

by means of an array of electrodes placed on freely moving
rodents.

Neurobiologically based robot navigation has been the
subject of research for a considerable time as noted in [6].
However, recent scientific interest has been focused onunder-
standing the mechanisms by which these GCs create a cogni-
tivemap of the environment as this would enable the building
of robots that mimic the mammalian biological navigation
system.

Previous innovative studies are recognizedwith respect to
this achievement. For example, [7, 8] show a new architecture
for generating GCs that was implemented into a real robot.
These GCs are based on various modulo operators applied
on the path integration field. However, there are drawbacks
with this approach as it has a path integration error problem
and the robot has a width and height of 40 cm and 1m,
respectively (the robot is the Robulab 10 from Robosoft [9]).
Another example: the study by [10] implemented a GCmodel
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Table 1: Scaled variables and parameters values used for equations (3), (4), and (5).

V𝑖 = 103V𝑖 V𝑟 = 103V𝑟 𝑢𝑖−1 = 103𝑢𝑖−1
V𝑖−1 = 103V𝑖−1 𝐼 = 103𝐼 𝐼 = 103𝐼
Voff = 103Voff 𝑢𝑖 = 103𝑢𝑖 𝑎 = 103𝑎
Vth = 103Vth V𝑟 = −60mV 𝑐 = −50mV
𝑎 = 0.03 s−1 Vth = −40mV 𝑑 = 100 pA
𝑏 = −2 nΩ−1 𝐶 = 10 nF Vpeak = 35mV
𝑘 = 0.7 𝜇A/V2 Voff = −V𝑟 𝐼max = 0.17 pA

based on a continuous attractor network of rate-coded cells,
which encode the robot location and orientation (this robot is
the Pioneer 2DXemobile robot fromMobile Robots Inc. [11]).

In this work, we implement a novel discrete-time differ-
ential equation GC neuron model [12] onto a 32-bit ARM-
Arduino Due based hardware-software platform. This work
contributes to assessing the mathematically tractable and
programmable model proposed by [12] and a set of suitable
parameters are obtained for use (interested readers can see in
advance (3), (4), (5), and Table 1).

On the other hand, previous works use commercial robot
platforms. Instead, in this work the robot has nongeneraliz-
able design; that is, theGCmathematicalmodel requirements
and hardware features were taken into account to accomplish
the best performance. This robot is not intended to be able
to be adapted to other purposes other than an effective
configurable tool for studying GCs and MEC models and
their dynamics.

In developing the robot, the following was achieved: (i) a
suitable algorithm was obtained for the discrete-time model
by using an Arduino hardware-software platform; (ii) input
signals from the environment were used as input for the
GCs; and (iii) the firing patterns generated by the algorithms
were determined while the robot is freely moving. However,
clear drawbacks were determined at a hardware level while
achieving the above, and it was determined that only a
reduced number of GCs can be implemented. Although this
issue needs to be addressed in future work to overcome this
hardware limitation and achieve a huge GCs network, this
study demonstrates the mathematically tractable GC model
proposed in [12] is programmable on RISC microcontrollers.
In addition, parameters’ values set was found for which the
GCs worked as predicted.

This study therefore offers two benefits: (i) an assess-
ment of an autonomous robot platform that mimics part of
the mammalian biological navigation system (for this rea-
son a PC is not used to simulate GCs, as the target is
to develop robots using biologically inspired navigation-
cognitive maps); (ii) ensuring that the robot is an effective
and configurable tool for studying and validating real bio-
logical navigation scenarios and that it enables experimental
repeatability (in contrast to relying on the free and random
moving of rodents). In other words, this robot is conceived
to be a research tool for use by neuroscientists to study how
the MEC of mammalians builds an environmental cognitive-
neural map.

This paper is presented as follows: Section 2 describes
the mathematical model of the GCs. Section 3 presents

(b)

(a)

Figure 1: Grid cells in the MEC of a rat while moving in an arena
(from [5]): (a) set of spikes (in red) that appears while the rat is
moving around certain locations, (b) random walk trajectories in
black.

implementation of GCs within the robot; Section 4 describes
the mathematical model translation to code by scaling the
discrete-time differential equations. Section 5 shows firing of
the GCs which is achieved when the robot explores certain
locations within the laboratory arena, and final conclusions
are made in Section 6.

2. Grid Cell (GC) Neural Model

The GCs comprise the medial entorhinal cortex (MEC) of
mammalian species. These cells provide the brain with a
metric for the animal’s local space (or geometric reference) so
that it knows its position in relation to its environment; that is,
they work as a cognitive map with firing fields dispersed over
the entire environment. For example, when a mouse moves
in a given space, the GCs show shots in a hexagonal firing
pattern with equidistant nodes, as shown in Figure 1.

As a model, this work uses (1), as proposed in [12, 13] and
takes into account three dimensions of GC variation: scale,
orientation, and phase. It is of note that the GCs model is too
broad to be captured completely in this article, and thus only
the base ideas are introduced to enable an understanding of
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Figure 2: Grid cell 𝑔𝑛(𝑥, 𝑦) function as the sum of three two-dimensional 0, 60, and 120 degrees out of phase sinusoids (from [13]).
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Figure 3: Examples of GCs with different grid spacing and field size activities (a) 𝑔𝑛(𝑥, 𝑦) function with 𝜆𝑛 = 1.6m (coarse-scale grid) and
(b) with 𝜆𝑛 = 2.9m (fine-scale grid). It is of note how the GCs build a coordinate map composed of multiple grid layers, each with a different
length scale between grid points, but with fixed spacing between grid points for each 𝑛th GC. By combining multiple-grained grid layers it is
possible to enable an Euclidean coordinate map and identify point of interest.

how the GC and the robot work. 𝑛th GC 𝑔𝑛(𝑥, 𝑦) function
is the sum of three two-dimensional sinusoids and is char-
acterized by its wave vector 𝑘𝑛, with 0, 60, and 120 degrees
of angular difference (see (1)).The index 𝑛 indicates the value
variations ofGCparameters that depend on the their position
inside the MEC.The expression is given by (1); Figures 2 and
3 give examples of possible shapes, to provide an enhanced
insight.

𝑔𝑛 (𝑟) = 2
3𝑔max
𝑛

[
[
1
3
3∑
𝑗=1

cos (𝑘𝑗,𝑛 (𝑟 − 𝑟0)) + 1
2]]

, (1)

where 𝑟 = (𝑥, 𝑦) is the position vector, 𝑟0,𝑛 = (𝑥0,𝑛, 𝑦0,𝑛) is a
referential point, 𝑔max

𝑛 is a parameter, and 𝜆𝑛 is the number
of nodes per unit distance related to the wave vector 𝑘𝑛 as𝜆𝑛 = 4𝜋/√3𝑘𝑛. The wave vector in (1) is as follows:

𝑘𝑛,𝑗 = 𝑘𝑛√2 [cos(𝜃𝑛 + 𝑞𝑗𝜋
12 )

+ sin(𝜃𝑛 + 𝑞𝑗𝜋
12 ) , cos(𝜃𝑛 + 𝑞𝑗𝜋

12 )
+ sin(𝜃𝑛 − 𝑞𝑗𝜋

12 )] ,

(2)

where 𝑞𝑗 = 1 for 𝑗 = 1, 𝑞𝑗 = 5 for 𝑗 = 2, and 𝑞𝑗 = 3 for 𝑗 = 3
and ‖𝑘𝑛,1‖ = ‖𝑘𝑛,2‖ = ‖𝑘𝑛,3‖ = 𝑘𝑛. It is used to express the GCs
membrane potential as (3), (4), and (5).

In addition the 𝑔𝑛(𝑟) function uses the following param-
eters (depending on the GC position inside the MEC):

(i) 𝜆𝑛 [grids/m] = 3 − 1.5𝜒𝑛
(ii) 𝜒𝑛 value as 𝑛/𝑁, where 𝑁 is the number of GC

neurons
(iii) N(0, 1) which is a random value normal distribution
(iv) 𝜃𝜒𝑛 [rads] = 2𝜋N(0, 1)
(v) 𝜃env [rads] angular phase shift that the environment

produces on the grid
(vi) 𝜃𝑛 [rads] = 𝜃env + 𝜃𝜒𝑛
(vii) 𝑟0,𝑛 = (2N(0, 1), 2N(0, 1)) (horizontal and vertical

offset of the cell): factor 2 is used because the robot
will be used in an 2 × 2m testing area

The fire time-discrete nonlinear differential equation is pro-
posed in [14], which describes the GC membrane potential;
it is also implemented. The assessed model of 𝑛th GC is then
expressed by (3), (4), and (5) with the following parameters:
(i) V𝑛,𝑖 is the membrane potential (unit mV) at the 𝑖th time-
step; (ii) 𝑢𝑛,𝑖 is the recovering potential (unit mV) at the 𝑖th
time-step; (iii) 𝑡 is the 𝑖th time-step value; that is, 𝑡 = 𝑡𝑖+1 − 𝑡𝑖
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Arduino due

Arduino due

Platform number 1
GCs model

Digital I/O pins
Ports A,C

Digital I/O pins
Ports A,C

UART (bus)

Bluetooth-HC05
(serial)

PC

Tilt sensors-analog I/O pins

Bumpers-analog I/O pins

Platform number 2
motion control

PWM signal

Motor driver
H-bridge L298

2 wheels, 12V gears motors,
rotary encoders

Encoders-digital I/O pins

32-bit parallel

Figure 4: Hardware block diagram of robot.

(discrete-time value for numerical integration); (iv) 𝐼𝑛,𝑖 is the
synaptic excitation currentmodel from𝑔𝑛(𝑟, 𝑖) at the 𝑖th time-
step; (v) V𝑛,off is the shifting value to enable all positive values
to be achieved (for easy digital implementation), (vi) V𝑛,peak
is the maximum achievable membrane potential after firing,
(vii) V𝑛,𝑟 is the refractorymembrane potential (unitmV), (viii)
V𝑛,th is the firing threshold (unit mV), (ix) 𝑐 is the lowest
recoverymembrane after firing (unit mV), and finally (x) 𝑎, 𝑏,𝐶, and 𝑑 are constants (interested readers can see in advance
the model results obtained after the assessment in Table 1).

V𝑛,𝑖 = V𝑛,𝑖−1

+ 𝑡
𝐶 [𝑘 (V𝑛,𝑖−1 − V𝑛,off − V𝑛,𝑟) (V𝑛,𝑖−1 − V𝑛,off − V𝑛,th)

+ 𝐼𝑛,𝑖 − 𝑢𝑛,𝑖−1 + 𝑏 (V𝑛,off + V𝑛,𝑟)] ,
(3)

𝑢𝑛,𝑖 = 𝑢𝑛,𝑖−1 + 𝑎 (𝑏V𝑛,𝑖−1 − 𝑢𝑛,𝑖−1) , (4)

𝐼𝑛,𝑖 = 𝐼max𝑔𝑛 (𝑟𝑖) . (5)

After firing, the membrane potential V𝑛 (mV) and the recov-
ering potential 𝑢𝑛,𝑖 (unit mV) need to then be reset according
to the following rule: if V𝑛 > V𝑛,peak + V𝑛,off then V𝑛,𝑖 = 𝑐+ V𝑛,off
and 𝑢𝑛,𝑖 = 𝑢𝑛,𝑖 + 𝑑.
3. Implementation of Robot Hardware

The robot system block diagram (shown in Figure 4) features
two microcontrollers interconnected by a tailored 32-bit
parallel wired communication using IO ports A and C.
One of the microcontrollers updates is the robot position
relative to the starting location over time (odometry) from
information obtained from the wheels’ encoders. The 𝑟 =(𝑥, 𝑦) position vector is sent to the other microcontroller,
which solves discrete-time equations (3), (4), and (5). Both
the embedded systems are Arduino Due boards [15] based
on the 32-bit SAM3X8E ARM core Cortex-M3 architecture.

Each board features a 84MHz clock, 54 digital input/output
pins, and 12 analog inputs and the robot’s wheels are driven by
two 12V DC motors with PWM H-bridge driver. The robot
communicates to the outside using the PC, so that the GC
spikes and the robot’s position can be read by the researchers.
The robot constitutive parts are shown in Figures 5 and 6.The
axles of its wheels have slotted disks to track rotation using
optocouplers (the set disk-optocoupler is called the “encoder”
and is used to estimate the wheel’s angular rotation). The
robot estimates its displacement and trajectory from the
departure point using the information provided by such
encoders (odometry) as suggested in literature [16] (pp.
49–54). The position 𝑟 = (𝑥, 𝑦) is estimated with an
accuracy of 1 cm, which is sufficient for this first GC model
assessment. The tilt sensors are resistors whose values vary
with deformation. They are used to detect the proximity of
obstacles and avoid collisions. Figure 6 shows a collision.

The bumper has the same function but is connected to
two lateral switches that have state change of ON/OFF which
indicate possible frontal collisions with an object. The robot
is power-supplied by an external unified DC voltage power
supply of 12 V, 5V, and 3.3 V. In addition the robot includes
a camera OV5642 [17] for taking RGB photos, which will
enable it in future research to identify different environments;
however at this assessment level, the environment for the GC
model is only provided in terms of the constant parameters
as described. The robot also includes a Bluetooth HC-05
communication module [18] for code debugging messages
during the early development stages as discussed in Section 5.
This module enables communication to be established with
the PC to obtain real time GCs spikes.

4. Implementation of Robot Software

TheArduino IDE [15] was used as the programming environ-
ment as it provides libraries built in C++ and thus reduces
the time required to obtain a code prototype. The programs
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)
(12)

Figure 5: Constitutive parts of robot: (1) bumper, (2) bumper
sensors (switches), (3) tilt sensor, (4)Bluetoothmodule, (5)Arduino
Due board number 1 (this implements theGCs, i.e., (3), (4), and (5)),(6) Arduino Due board number 2 (this implements the trajectory
tracking as proposed in [16]), (7) motor driver L298N [19], (8)
photodetector, (9) wheels and motors (gears are fixed to wheels),(10) small freewheel, (11) color camera TTL OV5642 [17], and (12)
slotted disk.

in each microcontroller were implemented using Round-
Robin scheduling with interruptions; this preemptive process
scheduling algorithm was selected because of its ability to
handle the multiple sensors signals. In addition, it has the
computational requirements to obtain numerical solutions of
the GCs.The scheduling pseudocode of the Round-Robin for
the navigation system is shown in Listing 1 to clarify its oper-
ation. The robot’s motion occurs using a uniform random
distribution function that generates random wheels motion
(speed and direction for each wheel: both are updated inde-
pendently periodically each 1 s).Themotion simulates that of
a rat exploring certain environments and while exploring the
robot estimates its position relative to the starting point using

the information provided by encoders (odometry-based
model [16]). During this assessment stage, the error sources
such as unequal wheel diameters, variation in the contact
point of the wheels, and variable friction are neglected. A
programing subroutine that we named RoutineAlert() was
implemented using Arduino IDE libraries, which provide
randomly generated values.The following two problems were
then analyzed: (i) the need to determine limited speeds values
achievable by eachwheel gear to obtain bounded speed values
and (ii) the need to radically reduce the total time consumed
by the processor to perform the necessary tasks between
consecutive RoutineAlert() calls. An important concept in
dealing with the design is that the randomized values should
not occur frequently (i.e., one RoutineAlert() calls inside the
Round-Robin) as the robot speed would then tend to average
the distribution and randomness would be lost.

4.1. Odometry and Robot Walk-Time: Avoiding Position Errors
of Significance. The odometry system performs tracking of
the robot’s position using the rotational angle of the wheels.
The model used was proposed in [16] and is widely used
for two-wheeled robots with differential traction. It uses the
difference between wheel speeds to determine the direction
of movement; as the wheels have a fixed axis, walking is
achieved by imposing different speeds to each engine. The
algorithm simply models the system and defines an axis of
coordinates in the plane. The model is shown in Figure 7 and
the equations used to update the robot position (𝑥, 𝑦) are
described below:

𝑥𝑖 = 𝑥𝑖−1 + Δ𝑆𝑖 cos (𝜃𝑖) ,
𝑦𝑖 = 𝑦𝑖−1 + Δ𝑆𝑖 sin (𝜃𝑖) ,
𝜃𝑖 = 𝜃𝑖−1 + Δ𝜃𝑖,

Δ𝜃𝑖 = 𝐶𝑚𝑁𝑅𝑖 − 𝑁𝐿 𝑖𝐿 ,

Δ𝑆𝑖 = 𝐶𝑚𝑁𝑅𝑖 + 𝑁𝐿 𝑖2 ,
𝐶𝑚 = 2𝜋𝑅

𝐶𝑒 ,

(6)

where 𝐶𝑚 is the ratio of the number of pulses to the distance
traveled (meter per encoder pulse), 𝑁𝑅𝑖 and 𝑁𝐿 𝑖 are the
amount of measured pulses on the right and left wheel up
to time 𝑡𝑖, 𝐿 is the distance between the wheels’ centers,𝑅 is the wheel radius, and 𝐶𝑒 is the encoder resolution
(counts per turn). Cumulative errors occur when updating
the robot’s position and the article [20] addresses the problem
of measurements and correcting errors in systems such as
this. According to these authors, among the multiple sources
of error that could affect a system with two controlled wheels
and odometry, two are more dominant than the others: (i)
(systematic error) the radii of both wheels are not equal
(wheels are coated with rubber to improve traction and
it is very difficult to ensure that they are manufactured
to be exactly the same); thus an encoder pulse can mean
that different linear displacements occur with respect to
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(a) (b)

(c)
Figure 6: Constitutive parts of robot: (a, b) left and right sides views; (c) top view of the robot: observe the left tilt sensor that indicates wall
collision.

(1)
(2) while (true){
(3) if (right wheel rotates){
(4) number of encoder pulses increases;

(5) }
(6) if (left wheel rotates){
(7) number of encoder pulses increases;

(8) }
(9) if (sensor interruption flag indicates collision){
(10) execute collision solver, call RoutineAlert();

(11) }
(12) if (there is not collision){
(13) robot walking continues, call RoutineAlert();

(14) execute new (x,y) position estimation;

(15) (x,y) to second microcontroller to update GCs states;

(16) }}

Listing 1: Round-Robin scheduling pseudocode to manage navigation.

each wheel and the assumed straight trajectory that should
occur in the odometry model is thus actually curved; (ii)
(random error) wheel slippage: this causes a change in the
relation between the linear displacement of the wheel and
the measured angle of rotation by the encoders. This source
generates similar effects to those mentioned above but in
rectilinear trajectories and such effects are mainly significant
at angles of rotation. These sources of error modify the
robot’s actual position in relation to that of its estimated

position. Although positional compensation has not been
implemented in this preliminary work to avoid errors, it has
been empirically found to be possible to avoid such error
compensation as suggested in [20] and that an assessment of
GCs is sufficiently accurate if the robot’s walk-time is less than5min. Therefore, the odometry system has a limited useful
life for each robot walk and for the surface in which it moves
and the value of 5min is used in this considered experimental
setup. Each robot walk-time was thus only 5min (we also
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Figure 7: Odometry navigation model.

reiterate this value in the results section to explain results
shown in Figure 8). The starting point is defined inside the
arena prior to the robot walking.The updated position is then
used to compute each of GCs’ states (i.e., to solve (3), (4), and
(5)). In case of collision with obstacles, the robot randomly
updates speed and rotates its wheels at different speeds to
enable it to change course.

4.2. Scaling Equations. One of the main issues requiring
attention in software implementation is the need to ensure
that the computation of each state for each time-step is
very short. In this respect, using the selected Cortex M3
it is possible to solve (3), (4), and (5) with a reduced
number of clock cycles (i.e., a small time-step). Therefore,
it is necessary to solve them using integer values, and to
achieve this, the equations need to be scaled because the
processor uses its hardware multiplier module. This module
enables product operation in just a few clock cycles, thereby
reducing the computational time, and also by scaling, the
overall computation time thus is reduced per GC from 40 𝜇S
to 5 𝜇S.

Scaling was performed ad hoc and according to the
following reasoning (the function that describes the voltage
membrane behavior is used here as an example); the variable
V𝑖 was thenmultiplied by a factor in a way that was acceptable
for truncation to integer values with respect to the error due
to the floating point usage. A factor of 1000 achieves this
condition (values 1000 times lower than the dimension on
V𝑖 can be neglected). The scaled variables were then used
for (3), (4), and (5) as shown in Table 1. This conclusion is
extremely important for use as principle or rule in this class
of bioinspired robot design. To give better insight, by scaling
(3) it becomes

103V𝑛,𝑖 = 103V𝑛,𝑖−1
+ 𝑡
𝐶 [10𝑘 (103V𝑛,𝑖−1 − 103V𝑛,off − 103V𝑛,𝑟)

⋅ (103V𝑛,𝑖−1 − 103V𝑛,off − 103V𝑛,th) + 103𝐼𝑛,𝑖
− 103𝑢𝑛,𝑖−1 + 𝑏 (103V𝑛,off + 103V𝑛,𝑟)] .

(7)

Thus, the scaled equationwith newnames of variables that the
program into the microcontroller resolves is the following:

V𝑛,𝑖 = V𝑛,𝑖−1 + 𝑡
𝐶 [10𝑘 (V𝑛,𝑖−1 − V𝑛,off − V𝑛,𝑟)

⋅ (V𝑛,𝑖−1 − V𝑛,off − V𝑛,th) + 𝐼𝑛,𝑖 − 𝑢𝑛,𝑖−1
+ 𝑏 (V𝑛,off + V𝑛,𝑟)] .

(8)

5. Results of Assessment

A testing stage was conducted to evaluate the platform
performance and its effectiveness in assessing GCs models.
This was achieved by computing a maximum of 200 GCs in
a time-step of 1ms and reporting the spikes events to the
PC using the mentioned Bluetooth module. The transmitted
data frame format is shown in (9), in which each field is a
byte. Data were processed using a Python written script and
the GCs spikes and robot trajectories are plotted as shown in
Figure 8.

𝑥0, 𝑦0, spikeGC1 , spikeGC2 , . . . , spikeGC𝑛 ,
...

𝑥𝑚, 𝑦𝑚, spikeGC1 , spikeGC2 , . . . , spikeGC𝑛 .
(9)

It was important to ensure that the number of GCs spikes
sent to the PC for analysis is 𝑛 = 56 in (9): this number
was empirically determined as the maximum number of
GCs spikes and positions that could be sent every 1ms at
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Figure 8: (a) Experimental map showing firing rate distribution for
same grid cell with 𝜆 = 2.69m−1 (spike locations of grid cell are
superimposed on robot’s trajectory), (b) with 𝜆 = 2.74m−1; (c) an
example of numerical integration of grid cell potential-membrane
spikes (see (3)) for a given static robot position. Please, observe the
triangular array of spikes.

115200BPSwithout errors.When the Arduino library is used
to access a Bluetooth Serial port it may produce an overhead
and the implemented Round-Robin software architecture
with interruptions is then not able to properly handle the

information at the required time. For example, data have been
lost when 𝑛 > 56. For the data obtained using a set of suitable
parameters values for (3), (4), and (5) (please see Table 1) a
map can be found of the firing distribution of each GC for
every location within the explored area in addition to the
appearance of firing frequency. With the model proposed in
[12] ((3), (4), and (5)), a unified and mathematically tractable
and programmable model was achieved (but still partially
tested) and further research can now continue. To generate
the case study shown in this work, several repetitions of
the above-mentioned procedure were conducted and files of
the format given by (9) were obtained when the robot was
placed in a laboratory arena, from a starting point chosen
as (𝑥0, 𝑦0) = (40, 40) cm and 𝜃0 = 0. The robot then began
to move randomly, while simultaneously sending generated
data to the PC. The procedure ended at 5min after it began
and Figure 8 shows superposition of three experiments (each
with a duration of 5min) for a given GC with two different𝜆 values. Table 1 shows the suitable scaled variables and the
suitable parameters values used for (3), (4), and (5).

6. Conclusion

This article shows the use of a two-wheel autonomous robot
and confirms its effectiveness as a configurable tool for study-
ing GCs models. A computational maximum of 200 GCs was
achieved with a time-step of 1ms; however this number of
GCs is not yet representative of an actual mammalian MEC
and thus more computational resources will be required in
future developments. The main limitation of this study is
related to data communication, and it will thus be necessary
to use high speed wireless or wired communications, proba-
bly embedded systems with Ethernet communications, such
as the well-known Raspberry Pi board.The assessment shows
that the GC model works as predicted and a mathematically
tractable and programmable model with parameters set was
obtained.
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Compliant actuators are more advantageous than stiff actuators in some circumstances, for example, unstructured environment
robots and rehabilitation robots. Compliant actuators are more adaptive and safe. Constant stiffness compliant actuators have some
limitations in impedance and bandwidth. Variable stiffness actuators improve their performance owing to introducing an extra
motor to tune the stiffness of the actuators. However, they also have some limitations such as the bulky structure and heavy weight.
It was also found that there are some waste functions existing in the current variable stiffness actuators and that the fully decoupled
position control and stiffness tune are not necessary, because there exist some regular phenomena during most circumstances of
human interaction with the robots which are “low load, low stiffness and high load, high stiffness”. In this paper, a design method
for nonlinear stiffness compliant actuator was proposed which performed the predefined deflection-torque trajectory of the regular
phenomenon. A roller and a cantilever which has special curve profile constitute the basic mechanical structure of the nonlinear
stiffness compliant actuators. An error compensation method was also proposed to analyze the stiffness of elastic structure. The
simulation results proved that the proposed method was effective in designing a predefined nonlinear stiffness compliant actuator.

1. Introduction

Traditional actuators used in robotics or machines are stiff
actuators which could obtain good position control and
bandwidth. However, since gear boxes are usually used in
stiff actuators, the backdrivability is always poor, which is
not suitable in some circumstances, for example, human-
machine interaction, bioinspired robots and unstructured
environment robots, and rehabilitation robots.The compliant
actuator using an elastic component between the actuator
and load was first proposed by Pratt in MIT [1], which is
also called series elastic actuator (SEA). This kind of passive
compliant actuator can be looked at as a pure force source,
which is able to perform perfect force control.

From the early SEA with a linear spring to the later
one with a torsional spring [1–3], then to the constant
stiffness SEA optimized via finite element methods [4], and
finally to the latest SEA with variable stiffness [5], passive
compliant actuators were greatly improved owing to more
compact structure and wider bandwidth of force control
[6, 7].The variable stiffness SEA has attracted lots of interests
and developed very quickly recently. Summarizing these

proposed ideas, they could be divided into three groups to
obtain the property of variable stiffness [8]:

(1) Change transmission between the load and elastic
structures. AwAS [9] implemented the adjustable
stiffness of its actuator via changing the effective
length of linkages. AwAS-II [10], CompAct-VSA [11],
and VSTA [12] varied their stiffness of actuators
through adjusting the fulcrum position.

(2) Change the preload of the spring. FSJ [13], BAVS [14],
and BAFSA [15] changed the stiffness of actuators via
changing the contact position between the roller and
cam mechanism with compressing the springs.

(3) Change the physical structure of springs. Jack Spring
[16] and others obtained the variable stiffness actuator
through changing the number of effective spring
coins.

In general, most of variable stiffness actuators use two
actuator units: one for position control and the other for the
stiffness regulation, which makes the position control and
stiffness regulation independent. Of course, variable stiffness
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actuator is flexible to adjust the stiffnesswhatever the position
of rotor is. However, it also leads to the bulky and complicated
mechanical structure [17]. On the other hand, decoupled
position control and stiffness regulation in most of variable
stiffness actuators are not used sufficiently.

Few researchers studied nonlinear stiffness SEA without
an additional motor. Migliore et al. developed a nonlinear
stiffness SEA with antagonistic nonlinear elastic springs [18].
Palli et al. also designed a kind of nonlinear stiffness SEA [19].
The nonlinear stiffness mimics that of the biological joints
[20]. It was noted there was a common property among these
researches that the stiffness of actuators increases with the
load increasing. It could be summarized as “low load, low
stiffness and high load, high stiffness,” which is also common
in human activity. Human limbs will stiffen to lift a heavy
object but soften to clean up with a whisk.

This functionality is useful for human to obtain dexterous
performance with low load and stability with high load [21].
To obtain the better running performance, researchers in
MIT Biomimetic Lab developed MIT Cheetah robot with
quadratic elastic stiffness in robot’s ankle joint [22]. Omer et
al. proposed an adjustable stiffness joint for a bipedal robot
where two linear springs with different stiffness were adopted
and assembled in parallel with an offset. When lower load
was given to the output link, the spring with lower stiffness
was compressed and the stiffness of system is low. When
the spring of low stiffness had been compressed fully, the
spring with high stiffness was compressed and the stiffness of
system became high [23]. Torrealba and Udelman proposed
an adjustable compliant actuator by designing a particular
cam shape. The stiffness can be adjusted by compressing
the floating spring, and a group of torque-deflection curves
show that the stiffness increasedwith respect to the deflection
[15]. Kilic et al. proposed a wrapping cam mechanism with
a torsion spring to attain quadratic behavior [24]. Palli et al.
utilized a compliant four linkages’ mechanism as topology
structure and optimized its dimensions of each bar using
pseudo-rigid-body model to obtain the nonlinear relation-
ship between position and stiffness of the actuator [19]. The
differentmethods were used to generate nonlinear stiffness of
compliant actuator. However, the feasible theoretical method
to design the compliant mechanism which possesses the
predefined nonlinear stiffness has not been given yet.

In this paper, a new designmethod of compliant actuators
with predefined nonlinear stiffness trajectory of “low load,
low stiffness and high load, high stiffness” was proposed.
The basic structure of the proposed mechanism consisted
of a roller, an elastic component, and a contact part. One
joint of 3-DOF (degrees of freedom) rehabilitation robot for
shoulder training was introduced as the compliant actuator
with defined nonlinear stiffness. Theory deduction and res-
olution process using software were described in detail. The
simulation and experiments were also conducted.

2. Mechanical Design of
the Compliant Actuator

In this part, one compliant joint of a rehabilitation robot for
shoulder complex was introduced which used the proposed
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Figure 1: CAD model of the first joint of rehabilitation robot.

nonlinear elastic elements. This robot was designed with
3DOF (RRP configuration) by International Center of
Advanced Mechanisms and Robotics (iCAMAR) of Tianjin
University. All of these joints installed the nonlinear elastic
elements and the mechanical design of the first joint was
introduced as an example which is shown in Figure 1. The
compliant joint consists of an inner drum, an outer drum,
elastic elements, rollers, a linear magnetic encoder, wire
rope, a pulley, motor combination (including a motor, gear
box, and an encoder), and support frame. The inner drum
connects with external loads and the outer drum is driven
by a BLDC motor (Maxon) via wire rope and the pulley. To
implement bidirectional compliant actuation, each compliant
mechanism consists of two symmetrically arranged elastic
elements and a roller. There are three compliant mechanisms
distributed on the surface of inner drum with 120 degrees
among them. The elastic elements connect with the inner
drum and the rollers are installed on the outer drum via
flanges. Bearings are used as rollers in order to decrease
friction. A linear encoder and a reader which constitute
linear magnetic encoder are installed on the outer drum and
inner drum, respectively, so that the relative motion between
them can be detected precisely. The equilibrium status is that
the roller is located in the center line of two symmetrical
elastic elements.

The key issue of the design of a nonlinear stiffness
compliant actuator is to design elastic mechanisms with
nonlinear stiffness. In this paper, a very basic and common
elastic structure was adopted as the elastic element, namely,
cantilever structure, which is easy to design and accurate to
calculate. The main idea of topology design is to propose an
elastic element composed of the elastic part and the contact
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Figure 2: The schematic diagram of force analysis of the proposed
mechanism.

part which has a special curve profile contacting with a roller.
The impedance in the direction of roller motion could be
changed when the slope of the tangent plane between the
roller and the contact part varied, and then the mechanical
stiffness of system changed.

3. Methodology of the Curve Profile Design

The core of designing the nonlinear stiffness compliant actu-
ator is the nonlinear elastic mechanism. As we investigated
from the current literature, there is no method to obtain the
mechanismwhose stiffnessmatches the predefined nonlinear
stiffness trajectory. In this paper, we proposed a simple
mechanism to achieve it, which consists of an elastic element
and a roller. The elastic element consists of two parts: the
elastic part and the contact part. The elastic part is a uniform
cantilever which will generate deflection and rotation when it
is given a certain external force.The contact part has a specific
curve profile.

Figure 2 shows the schematic diagram of the proposed
basic nonlinear stiffnessmechanism.According to this figure,
the elastic element was compressed by the roller when force
was exerted on the curve profile of the contact part. The
stiffness would be zero when the roller moved on the tangent
plane at the contact point and generated contact force was
zero. Alternatively, the stiffness would be maximum when
the roller moved perpendicularly to the tangent plane at the
contact point. Between both of extremity situations, due to
the deflection and deflection angle of the cantilever, the angle
between the direction of roller motion and the tangent plane
would be within 0–90 degrees. The relationship between the
roller motion and components of contact force along the
roller motion could be adjusted with the slope of contact
point, so that the stiffness could be changed.

The force analysis in the mechanism is also shown in
Figure 2 where a roller compresses the elastic element. Solid
red line shows the current status of the roller and the elastic
element and dotted black line shows the last status. Point
A represents the contact position between the roller and
the elastic element in past status. Point B shows the current
contact position of them. C is the center of ellipse in vertical
view when the roller rotates around the point O. From the
axial direction of the outer drum, the roller which is installed
on a rotational component moves along the arc of radius R.

The rest of the symbols and their description during force and
motion analysis of the proposedmechanism are shown in the
Abbreviations.

To simplify analysis of the deflection of the elastic
element, the elastic element was analyzed by divided it into
two parts. One is a simple cantilever and the other is variable
cross section cantilever. Generally speaking, the deflection
of elastic element mainly happened on the elastic part and
the deflection of the contact part is very little. So firstly
analyze the deflection of elastic element by assuming that
the contact part is rigid body. Then calculate the curve
profile of contact part on the elastic element and conduct the
simulation via ANSYS software. Finally, compare the desired
torque-deflection trajectory with simulation results, and a
method of error compensation was proposed to decrease the
error of obtained torque-deflection caused by the assumption
of rigidity of the contact part.

3.1. Analysis of Deflection of Elastic Element Assuming That
the Contact Part Is Rigid Body. In this research, the elastic
element is required to deform within a small deflection, so
that the mechanical system can be of good elastic perfor-
mance. Therefore, the deflection of the elastic element can
be described using differential equations of the deflection
curve. In Figure 2, the elastic element yields the contact force𝐹(𝐹𝑥, 𝐹𝑦) to bear the pressure exerted by the roller. Due to
the contact part being viewed as a rigid body, to simplify force
analysis, the components of contact forces along𝑥-axis and𝑦-
axis were moved to the extreme of neutral plane of the elastic
part.Therefore, the equivalent torque can be generated owing
to the forces transformation:

𝑀0 = − (𝐹𝑦𝑥 + 𝑦𝐹𝑦 tan𝛼) . (1)

According to the differential equations of the deflection
curve, the deflection angle and deflection of the extreme
of elastic component can be described as the following
equations:

𝜃 = − 1𝐸𝐼 [(𝐹𝑦𝑥 + 𝑦𝐹𝑦 tan𝛼) 𝑙 + 𝐹𝑦
𝑙2
2 ] ,

V = − 1𝐸𝐼 [(𝐹𝑦𝑥 + 𝑦𝐹𝑦 tan𝛼)
𝑙2
2 + 𝐹𝑦
𝑙3
3 ] ,

(2)

where 𝐸 represents Young’s modulus of material and 𝐼
expresses the second moment of area with respect to the 𝑦-
axis, which is determined by the right hand rule.

The geometric relationships shown in Figure 2 can be
described as follows:

𝑥 = 𝑚𝑖 cos 𝜃 − 𝑛𝑖 sin 𝜃,
𝑦 = 𝑚𝑖 sin 𝜃 + 𝑛𝑖 cos 𝜃 + V. (3)

Equations (3) express the coordinates of contact point B
before and after the elastic component deflection. Further-
more, contact point B is not only on the profile of the contact
part but also on the profile of the roller. The constraints can
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be obtained by (4). 𝛾 represents the angle of the parametric
equations of the ellipse

𝑥 − 𝑥𝑐 = 𝑎 cos 𝛾,
𝑦𝑐 − 𝑦 = 𝑏 sin 𝛾. (4)

The slope of contact point B before the deformation of
the elastic element can be expressed by (5). Furthermore, the
slope of contact point B after the deformation of the elastic
element can be described by taking the derivative of (4),
which is shown by (6). Consider

𝑛𝑖−1 − 𝑛𝑖𝑚𝑖−1 − 𝑚𝑖 = tan (𝑎 − 𝜃) , (5)

𝑏
𝑎 cot 𝛾 = tan𝛼. (6)

The length of the semimajor axis and the semiminor axis
of ellipse can be described by (7). At the same time, the
coordinates of the center of the roller can be calculated via
(8) when the roller moves along the circle around its axis:

𝑎 = 𝑟,
𝑏 = 𝑟 cos𝛽, (7)

𝑥𝑐 = 0,
𝑦𝑐 = 𝑦0 − 𝑅 sin𝛽. (8)

Assume that an external load applied to the system is 𝜏
and reaction forces between the roller and the contact part are
generated to equilibrate the system.The relationship between𝜏 and 𝐹𝑦 can be obtained via

𝜏 = 𝐹𝑦𝑅. (9)

3.2. Design Process of the Nonlinear Stiffness Elastic Element
UsingMATLAB Software. For a predefined deflection-torque
relationship of “low load, low stiffness and high load, high
stiffness” which cannot be described using a mathematical
function, a numerical method was proposed to solve the ade-
quate curve profile by using MATLAB software. The follow-
ing part shows the procedure of process for solution of the fol-
lowing available point on the curve profile of the contact part:

Initialization
For 𝑖 = 1: totalNum (total step numbers)

Obtain rotational angel and torque
Resolve equations using fsolve function
Get next contact point (𝑚𝑖, 𝑛𝑖) and save it
𝑚𝑖−1 = 𝑚𝑖, 𝑛𝑖−1 = 𝑛𝑖;

End
An interval (iteration step) which affects the accuracy of

curve profile was chosen firstly to obtain the number of steps.
According to (5), the initial point must be determined. The
coordinates of contact point before deformation would be
also derived by the rotational angle, torque, and the previous
point. When the iteration was over, the resolved points were
saved to draw the curve profile.
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Figure 3: Errors analysis of theoretical calculation and simulation
results.

3.3. A Method of Error Correction to Compensate the Error
of Obtained Torque-Deflection. Since the combination of a
cantilever and contact part with a curve profile was used as
elastic element of nonlinear elastic system, it is inevitable
to refer to the elastic deflection calculation of variable cross
section. However, it is difficult to describe this deflection
precisely with some algebraic equations.

A simple resolution was proposed to describe the rela-
tionship of the deflection and torque in this case. Firstly,
analyze the deflection and deflection angle of the cantilever
while assuming the contact part is rigid body so that the pre-
liminary shape of the curve profile of the contact part could
be derived as mentioned above. According to the simulation
results, the derived trajectory of torque-deflection is always a
little larger than that derived via theory calculation where the
same torque was set. It is not difficult to analyze the reason
that the contact part also deflects tinily in horizontal and
vertical directions. So some errors should be generated via
calculating the geometric equations. Meanwhile, the coordi-
nates of the curve profile of undeformed elastic element were
derived via those of deformed elastic element, which makes
the derived torque-deflection trajectory of simulation always
lower than that derived from the theoretical calculation.

Errors analysis of theoretical calculation and simulation
results is shown in Figure 3.The blue curve shows the desired
relationship between the torque and deflection and the green
curve shows the simulation results. From this figure, it is easy
to find that the simulation results are always lower compared
to desired trajectory. From different view of this relationship,
it would be perfect that the desired trajectory is green curve.
So if this curve was set as the desired one, a pseudo desired
trajectory should be given firstly such as the desired blue
curve for obtaining the green simulated trajectory. Due to the
tiny deflection between the desired trajectory and simulation
trajectory, there exists linear relationship between the errors
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Table 1: The result of optimization.

Design variable Optimized value (mm)
𝑙 24.4
𝑤 3.4
ℎ 4.9

of pseudo desired trajectory and the errors of desired trajec-
tory. The identical errors Δ𝛽 are determined to get the red
pseudo desired trajectory. Therefore, the simulation results
are likely close to the desired trajectorywhich is shown as blue
curve.

4. Simulation and Results

4.1. Optimization Design of the Elastic Part. The stiffness of
compliant actuators can be obtained by the curve profile of
contact part.However, the inherent stiffness of elastic part has
an effect on the range of the stiffness of compliant actuator. It
is essential to determine the inherent stiffness firstly. When
the inherent stiffness of elastic part is high, the range of
the compliant actuator is large. However, the high stiffness
generally induces large stress in the elastic element owing to
the fact that the inherent stiffness is not fully involved. The
inherent stiffness of the elastic part depends on its dimension,
and the shape is necessary to be optimized to acquire the
appropriate stiffness.

Take initial inherent stiffness of the extreme of the
elastic part as optimal object. Its value is higher than the
required value which can be calculated via the desired
torque-deflection trajectory. The design and optimization of
details of contact part were implemented. When the derived
shape of the elastic part is available in terms of allowable
stress and assembly conditions, the inherent stiffness would
be determined. Otherwise, the next inherent stiffness and
optimization process would be repeated for the available
shape of the elastic part.

Three groups of elastic elements are installed on a plane
and each bears the maximum forces 12Nmwithin 1.9 degrees
in our proposed compliant robotic joint. The dimensions of
the cantilever are design variables and the stress is the status
variable. The chosen material is 50 CrVA (elasticity modulus
2.06Gpa, poisson ratio: 0.29, and yield strength: 1.32Gpa).

To obtain the optimized structure of the elastic element,
the genetic algorithm was used under the constraint con-
ditions of design variables and status variables by using
the commercial software ANSYS. The assembly constraint
conditions in our proposed structure are 23mm < length <
25mm, 3mm < width < 3.5mm and 3mm < height < 5mm,
and stress < 900Mpa. The obtained stiffness of the extreme
of the elastic part is 1400N/mm. Table 1 shows the details of
dimensions.

4.2. The Thickness of the Contact Part. The thickness of the
contact part is related to the simulation results of nonlinear
stiffness trajectory. Figure 4 shows the thickness of contact
part. The thicker the contact part is, the more accurate the

Thickness

Figure 4: The thickness of the contact part in the elastic element.
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Figure 5: The torque-deflection trajectory with different thick-
nesses.

simulation results of nonlinear stiffness would be, because the
deflection of the contact part behaves more approximately to
a rigid body. It is also the indicator that whether it is necessary
to consider the deflection of contact part during designing
such a nonlinear stiffness elastic mechanism. The simulation
results are shown in Figure 5, which includes the variation
of thickness along 𝑥-axis from 0.2mm to 5.5mm. From this
figure, there is tiny difference for different thicknesses of
contact part in the elastic element, which indicates that it is
not necessary to consider the influence of the thickness of
contact part.

4.3. Error CompensationUsing PseudoDesired Trajectory. For
the circumstance of high precision requirement to stiffness
characteristic, the error compensation has to be considered,
which is induced by the assumption of rigid body of contact
part. The method of error compensation is mentioned in
Section 3.3, and a pseudo desired trajectory is proposed.
Firstly, the uncompensated torque-deflection trajectory is
shown in Figure 6. The desired torque-deflection trajectory
is exponential format following 𝜏 = (3/20)(10)𝛽 − 3/20,
which is shown in blue curve. The pink triangle points are
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Figure 6: Uncompensated torque-deflection trajectory.
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Figure 7: Compensated torque-deflection trajectory.

the simulation results derived via ANSYS software. From this
figure, the simulation results are regularly lower than the
desired trajectory which verifies previous reason analysis of
error generation.

The compensated torque-deflection trajectory with the
same desired trajectory as Figure 6 is shown in Figure 7,
which adapts the pseudo desired trajectory. The simulation
results show that compensated torque-deflection trajectory
is closer to the desired trajectory than uncompensated one.
For comparison between the simulation result using the
error compensation method and those not using the error
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Figure 8: Relative errors using andnot using compensationmethod.

compensation method, relative errors are calculated via the
following equation:

𝑒𝑟 =
 𝜏𝑠 − 𝜏𝜏 , (10)

where 𝜏𝑠 is the torque derived via simulation and 𝜏 is the
theoretical torque.

Figure 8 shows the blue line is the relative errors without
compensation between the simulation results and the desired
trajectory and the pink line shows the relative errors using the
error compensation method. From this figure, the maximum
errors of no compensation reach nearly 0.29. Meanwhile,
the errors in the part of small deflection are larger than
those in the part of large deflection. With the increasing of
torque acting on the elastic element, the relative errors of
torque decreased quickly. The relative errors using the error
compensation method are lower than those not using the
compensationmethod, and themaximum error derived from
the compensation method is 0.15, only half of that without
compensation.

5. Conclusions

In this paper, a new design methodology of compliant mech-
anisms whose stiffness matches the predefined deflection-
torque trajectory of “low load, low stiffness and high load
and high stiffness” and an error compensation method were
proposed. The assumption that the contact part of elastic
element was viewed as rigid body is almost effective in
getting the predefined nonlinear stiffness trajectory men-
tioned above. For obtaining more accurate trajectory, an
error compensation method was proposed. According to the
simulation results, the proposed method is highly effective
in decreasing the relative errors. One joint of the rehabil-
itation robot for shoulder complex developed by ourselves
was illustrated. This research achievement will be useful to
design new compliant actuators used in bioinspired robotics,
rehabilitation robotics, and so on.
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Abbreviations

𝑙: The length of cantilever𝑟: The radius of roller𝑅: The radius of circular trajectory of the
roller movement𝑎: The length of the semimajor axis of ellipse
C𝑏: The length of the semiminor axis of ellipse
C𝑤: The width of cross section of the cantileverℎ: The height of cross section of the
cantilever𝛼: The angle between the slope plane at the
contact point and 𝑥axis𝛽: The rotational angle of roller motion in
terms of the rotatory component where
the elastic element was installed

V: Deflection of the end of the elastic part𝜃: Deflection angle of the end of the elastic
part𝑚𝑖−1, 𝑛𝑖−1: The coordinates of point A before the
deformation of the elastic element𝑚𝑖, 𝑛𝑖: The coordinates of point B before the
deformation of the elastic element𝑥, 𝑦: The coordinates of point B after the
deformation of the elastic element𝑥𝑐, 𝑦𝑐: The current coordinates of the roller center𝑥0, 𝑦0: The initial coordinates of the roller center𝐹𝑥, 𝐹𝑦: The component force of contact forces
between the roller and the elastic element𝜏: The external torque.
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In an attempt to better understand how the navigation part of the brain works and to possibly create smarter and more reliable
navigation systems, many papers have been written in the field of biomimetic systems. This paper presents a literature survey
of state-of-the-art research performed since the year 2000 on rodent neurobiological and neurophysiologically based navigation
systems that incorporate models of spatial awareness and navigation brain cells. The main focus is to explore the functionality of
the cognitive maps developed in these mobile robot systems with respect to route planning, as well as a discussion/analysis of the
computational complexity required to scale these systems.

1. Introduction

This paper reviews the current state of research in mobile
robot navigation systems that are based on the rodent’s
specialized spatial awareness and navigation brain cells.
Specifically, these cells include place cells, grid cells, border
cells, and head direction cells. The advantages of using a
neurobiologically based system include the possible perfor-
mance rewards that may be realized in the future pertaining
to navigation and smart systems, as well as the benefits of
using accurate models of the brain for other, related research
[1, 2]. For artificial intelligence to take a major leap forward,
machines will at minimum need to learn and think the
way humans do. This will require computational elements
that behave similarly to, and are as compact as, the neurons
and accompanying dendrites and axons found in the human
brain.

Although there is a need for new technical paradigms in
artificial intelligence, this paper does not propose or present
new methods but outlines work that may be a path to such
answers. The most important attributes of the neurobiology
based navigation systems covered are the types of cognitive
maps produced by these systems and how they are, or can
be, used for route planning. Thus, the focus of the analysis

of the reviewed literature will be centered on mapping and
route planning capabilities of these neurobiologically based
systems.

Most papers that have reviewed such systems came
around or before the year 2000, such as [3–5]. However, since
2000, much advancement has taken place in the miniaturiza-
tion of electronic packaging (Moore’s Law), thus increasing
the practicality of placing better sensors and processors and
algorithms andmore memory and so forth onmobile robots.
In addition, the discovery of the grid cell by the Mosers in
2005 [6–9] added more insight as to how rodents navigate.
Therefore, this paper fills the gap on a needed formal review
of the state-of-the-art neurobiologically based navigation
systems researched and developed from 2000 and on. On the
nonneurobiological (classical) side of navigation in mobile
robots, a good source that reviews map-learning and path
planning strategies can be found in a paper by Meyer and
Filliat, 2003 [10], aswell asmany books on the topic (e.g., [11]).

Thus, the outline of this survey proceeds as follows:
Section 2 discusses the basics of the simultaneous localization
and mapping (SLAM) method of navigation, as well as
some fundamental issues that plague every navigation system
(neurophysiologically based or not); Section 3 gives a brief
review of the definitions of the neural cells that will be the
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center of focus in this paper; Section 4 covers state-of-the-art
research that has been performed on neurobiologically based
navigation systems (only those that have been realized in
working, prototype mobile robot systems) with a critique of
the cognitive maps developed for route planning algorithms
at the end of each subsection; Section 5 presents an overall
a general analysis and discussion of the research performed
in the literature; and Section 6 covers neural networks and
addresses scalability of the neurophysiologically based fea-
tures in a mobile robot platform.

2. General Robot Navigation Background

2.1. Simultaneous Localization and Mapping. For a mobile
robot to be truly autonomous, it needs to be able to operate
and navigate without human intervention and in a non-
specially engineered environment. More specifically, the fol-
lowing needs to be true: a mobile robot must be able to locate
itself in an unknown location of an unknown environment
by incrementally building a map of its environment, while
simultaneously locating itself in that environment by use
of the derived map. This process is known as simultaneous
localization and mapping (SLAM) [15–18]. As described in
[18], the fundamental parts of a classical SLAM system
are (1) landmark extraction, (2) data association, (3) state
estimation, (4) state update, and (5) landmark update. Of
course, to be able to accomplish these SLAM steps the system
requires hardware, used by the agent to interact with the
environment and make decisions with them (i.e., sensors,
actuators, processor, etc.), plus any filters and/or methods
required to adequately perform these 5 tasks (e.g., sensor
noise suppression, error correction algorithms). SLAM is not
unique to just classical systems. It is accomplished, in some
similar form, by rodents by use of their hippocampus [2, 19–
21]. The special neurons or brain cells which accomplish this
will be covered in Section 3.

2.2. Fundamental Navigation Issue: Sensor Error. There are
fundamental issues which plague every navigation system
(neurobiologically based or not) [25]. These issues, largely
path integration related, propagate up into the mapping
and localization phases, levels L0 to L1 in Figure 1. In a
neurobiological or neurophysiologically based navigation
system, this is equivalent to either lesions introduced into
hippocampus and related areas, lack of allothetic stimuli, or
other similar targeted manipulations on rats [9, 23, 26]. The
outcome, thus, has a negative effect on the accuracy of the
overall navigation system.

Therefore, for any navigation system to work adequately,
the mobile robot’s sensor data error must be within a usable
margin and be reset periodically by allothetic information,
whether visual, tactile, olfactory, or others. Idiothetic data is
the most basic navigational data for the robot to use to track
its movements and is the basis for path integration [28–30].
The inherent issue with any ground based robot navigation
system is the mobile robot’s measurement accuracy with
respect to distance traveled and directionality (idiothetic
data), since this data is used to derive the robot’s pose. Sources
of classical and most neurobiologically based navigation
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Low level nav. sense and cntrl 

Environment

Idiothetic
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sensor data
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Figure 1: A generic SLAM based hierarchal architecture that can
apply to both classical and neurobiologically based mobile robot
systems.

systems’ measurement errors come from the data obtained
from odometry devices, inertial measurement units (IMUs),
distance sensors, and other position/pose measurement sys-
tems (use of idiothetic stimuli only). The sources of these
errors fall into two categories, as described in [30, 31], of being
either systematic or nonsystematic. Additionally, these errors
accumulate over time [18, 28, 30–32], making environment
localization and mapping inaccurate if these measurements
are used directly. Methods in error correction of odometry
and related position/pose data have been, and still are, a
major topic of research. However, probabilistic filters (e.g.,
extendedKalman filter (EKF)) or particle filters, as well as use
of allothetic stimuli (e.g., landmarks), are used with SLAM
algorithms in classical systems to help correct these errors in
the pose data and location estimation.

Similarly, whether animals, insects, or animats, these
navigation systems require path integration (PI) systems
with corrective error mechanisms [6, 23, 33]. In the case of
animats, or, more specifically, the neurophysiological mod-
eled navigation systems reviewed in this paper, it is shown
that visual data is key to keeping PI errors to a workable
minimum.This will also be touched on in Section 5.

3. Navigation Related Cells Review

The following is a review of the definitions and characteristics
of the specialized navigation neurons or cells, as found in
the hippocampus and entorhinal cortex of a rodent brain,
as well as the human brain [34]. This material is covered in
other literatures [6, 20, 21, 35, 36] but is included here for
completeness.

3.1. Place Cells. Place cells in rodents were discovered by
O’Keefe and Dostrovsky in 1971 [37, 38]. Each of these cells,
primarily located in the CA1-CA3 regions of the hippocam-
pus, fires at a devoted location in a rodent’s roaming area.The
place cell’s firing location is invariant to the head direction
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or body pose of the rodent. The firing area of each place cell
also seems to follow the summation of two or more Gaussian
distribution curves, one for each salient distal cue [34].

3.2. Head Direction Cells. Head direction cells were discov-
ered in rodents more than a decade after the place cells
[39, 40]. These cells are place invariant and each has a
preferred direction with respect to the rat’s head direction in
the horizontal plane, where it will fire at a maximum rate.
They are silent for all other directions, except for a small
region (±a few degrees) of their preferred direction angle.
The head direction cells only fire as a function of the rat’s
head direction and not its body. Additionally, although the
cells have different preferred directions, they seem to fall
into a finite set of directions (e.g., N, NE, and SW). The
directionality is relative, such that they will align relatively
to a dominant external cue of the environment the rat is
introduced to, if available, else it will set a direction based on
other unknown origins [23, 41].

3.3. Border Cells. A border cell can be thought of as a spe-
cialized place cell, where it only fires with respect to a certain
border or barrier [42, 43]. The area covered by a border cell
can vary drastically, with respect to each other. Similar to
the place cell, the firing characteristic of the border cell is
invariant to the rat’s head direction.

3.4. Grid Cells. The grid cell was discovered by Edvard and
May-Britt Moser in 2005 [6–9].This set of special, navigation
related brain cells, which is the most recent to be discovered,
is located in the medial entorhinal cortex. Grid cells have a
very interesting firing characteristic, as compared to the place
cells and border cells. Single place cell and border cell only fire
at a specific location/region, whereas a single grid cell fires at a
geometrical constellation of locations/regions. These regions
within the rodent’s roaming area form hexagonal/equilateral
triangles, where each firing location is at a particular vertex
of the equilateral triangles. The hexagonal lattice of each grid
cell’s firing field is defined within a very short time of a rodent
being introduced to a novel area. It appears that the lattice is
anchored in orientation and phase to external landmarks and
geometric boundaries of its environment [6, 7, 44].

4. State-of-the-Art Research in
Neurobiologically Based Navigation
Systems for Mobile Robots

This section covers state-of-the-art research in neurobio-
logically based navigation systems, where the systems have
been implemented in a mobile robot since the early 2000s.
Although some of the systems covered rely on external CPUs
to perform neurophysiological simulation for the robot (e.g.,
Khepera mobile robot platform), they have been included
anyway. However, by the definition of autonomous mobile
robot used in this paper, these systems would be considered
nonautonomous because of the need to communicate with
external computers.Thus, the autonomy classification of each
robot presented will be included in Table 1.

The neurophysiologically based navigation systems fall
into three categories, based on the centric navigation cell
that is being functionally emulated.These categories are place
cell centric, theoretical cell centric, and grid cell centric
categories. The theoretical cell uses one or more true neural
navigation cells (one being the place cell typically) to create a
new, fictional cell that is at the center of its navigation system.
Although fictional, these cells, or functions, may indeed be
plausible and real in one form or another. Basic features and
capabilities of these systems are summarized in Table 1.

4.1. Place Cell Centric Systems

4.1.1. Arleo and Gerstner 2000. The study article by Arleo
and Gerstner, 2000 [12], has had an influence, in one form
or another, on many future works covered in this section,
particularly [2, 13]. The references used in [12] fall into the
categories of both neuroscience: O’Keefe and Nadel, 1978
[45]; Taube et al. 1990 [39]; Redish, 1997 [4]; and so forth
and neurophysiological inspired circuits andmodels: Burgess
et al. 1994 [26]; Brown and Sharp, 1995 [46]; Redish and
Touretzky, 1997 [47], Zrehen and Gaussier, 1997 [48]; and
so forth, which form a basis of references used by the other
proceeding studies/articles. More references can be found in
Arleo and Gerstner, 2000 [12] and 2000 [49]. Additionally,
this paper’s presentation and functional use of neurobiolog-
ical specialized spatial navigation cells found in the rodent’s
hippocampus, for modeling in robotic navigation, are central
to the theme of all of these papers covered.

(1) System Architecture. In [12], the Khepera robot system
used consists of the following: an onboard camera for vision
based self-localization (90∘ field of view in horizontal plane),
eight infrared (IR) sensors for obstacle detection and light
detection, a light detector for measuring ambient light, and
an odometer for sensing self-motion signals. The neurobio-
logically based navigation system models two crucial spatial
navigation cells: head direction cells and place cells. This is
performed on an external computer.

(2) Head Direction and Place Cells for Spatial Navigation.
In Figure 2, the allothetic inputs consist of data from the
onboard camera, which is used for the place cells in the
sEC submodule, as well as data from the eight IR sensors
and the ambient light sensor, which are used by the visual
bearing cells in the VIS submodule (left side of Figure 2).
The neural networks (Sanger’s [50]) to the place cell from
the camera input are programmed offline during an initial
unsupervised, Hebbian learning phase [51]. During this
initial, exploration/neural network training phase, each place
cell location is learned by dividing images taken into smaller
32× 32 pixels, running the reduced image through 10 different
visual filters of 5 set scales each. This is done for the north,
west, south, and east views of the robot’s arena from each
snapshot/place cell location. The networks of each cell are
then trained with the reduced images and adjusted for
maximum response for each image location. Thus the place
cells are programmed neural networks with the onboard
camera image, divided into four quadrants of 32 × 32 pixels
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Figure 2: A functional overview of the directional system [12].

each, at the input, and will allow for self-localization in the
online mode.

A light source is added to one wall of the robot’s arena,
where the IR sensors and ambient light sensor can lock onto
this global direction (with the help of neural networks for
fine-tune positioning to the light source). This allows for
calibration of the robot’s directional module (right side of
Figure 2), which bounds the accumulated error in direction-
ality.

The robot uses three different neural populations of cells
(right side of Figure 2) to calculate its head direction from its
current angular velocity and anticipated angular velocity and
feedback from the system output and calibration cells. The
end result is a set of quantized, directional cells to drive the
robot’s motors for proper heading.

(3) Computational Complexity. The computational complex-
ity of this system is a bit more involved than briefly covered
here. Further details can be found in [12, 49, 52]. However,
any neural network system is going to have a relatively high
to extremely high computational complexity, based on the
number of neural networks and the processing status of
offline and online/real-time learning. The environment is
somewhat engineered and needs to be static. This is true
though of any system in the initial stages of wringing out
system integration errors, model problems/accuracy, and so
forth.

(4) Mapping and Route Planning. Visual based mapping,
through the use of snapshot recognition (place cells), is used
to help correct head direction error and not for obstacle
avoidance or route planning. Therefore, true mapping and
any form of route planning are not addressed in [12, 49].

4.1.2. Fleischer et al. 2007

(1) System Architecture. The neurophysiological modeled
navigation system for Darwin XI mobile robot designed by
Fleischer et al. [27] is not autonomous, by the definition
used in this paper, due to the use of external computers to
simulate a detailed neurophysiology based system. However,
the system pushes the limit on simulating large scale features
of vertebrate neuroanatomy andneurophysiology (themedial
temporal lobe specifically) in real time. Through the use of a
Beowulf cluster of 12 1.4GHz Pentium IV computers running
a Linux operating system, sensor data is communicated on
a wireless link from the mobile robot to one of the cluster
computers, while motor data is sent back to the robot.
The simulation processing cycle from sensor data input to
motor command output is approximately 200ms of real
time. The simulator, referred to as the brain-based device
(BBD), simulates 57 neural areas, 80,000 neuronal units, and
approximately 1.2 million synaptic connections.

Darwin XI is equipped with a visual system (camera),
a head direction system (compass) plus wheel odometry
(current head direction), a laser range finder system (facing
downward to detect neuronal reward), and a whisker system
which reads bumps along the plus-maze walls.

(2) Modeled Hippocampus. A schematic of the mobile robot
mobile I/O sensors connected to the corresponding neu-
rophysiologically based navigation system can be found in
[27]. However, Figure 3 illustrates the type of connections
and simulated parts of the medial temporal lobe, including
the hippocampus entities. Figure 3 is similar to that found
in [53, 54]; however further details pertaining to the various
layers of the entorhinal cortex are lacking in this figure.
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DG CA3 CA1
S

Mhdg

Plastic
Value-dependent
Nonplastic

ECin ECout

Figure 3: Neural connectivity of the medial temporal lobe, includ-
ing the hippocampus of Darwin XI. Hippocampus: DG, dentate
gyrus, and CA3 and CA1 (CA, cornus ammonis). Entorhinal cortex
(EC): ECin and ECout. Neural interfaces to external sensors: S, value
system and Mhdg, motor.

Although both the previous research using Darwin X [55,
56], which used a dry variant of the Morris water maze task
[57], and that usingDarwin XI, which uses the plus-maze, are
performed on rodent based navigation testing platforms, the
focus of these studies is on the formation of episodicmemory.
Through the use of a backtrace analysis tool, several seconds
of neuronal activity and synaptic changes can be analyzed to
determine causality of a particular neural event. Both studies
showed the strongest synaptic influence from the entorhinal
neuronal units on episodic memory, particularly from the
performant path (ECin → DG, ECin → CA3, and ECin →

CA1 in Figure 3), while Darwin XI specifically focused on
journey-dependent and journey-independent memory, as
well as path prediction. A further detailed analysis can also
be found in [58].

4.1.3. Strösslin et al. 2005

(1) System Architecture. Strösslin et al. [13] use the same
mobile robot platform (Khepera) as Arleo. The robot has
a camera, odometers, and proximity sensors. Thus, the
robot only uses bodycentric, local sensor information for
navigation. The Khepera is attached to a computer, running
the neural model, with a long cable that also provides power
to the robot and allows for sensor data to be transmitted from
the robot to the computer.

(2) Neural Model: Place Code and Cognitive Maps. In a dry
water maze, similar to that used for Darwin X, a navigation
map is learned by the place cells in 20 trials, which is similar
to the results foundwith rodents in thewatermaze [57].Thus,
visual and idiothetic information feeds the external neural
model, which is composed of step cells (SCs) and rotation
cells (RCs). These cells make up the local view (LV) and are
fed by the visual input, a head direction (HD) system in the
postsubiculum (poSb), path integration (PI) in the medial

NAAC

HPCCPC

APC IEC PI mEC

Calibrate

HD poSb
Idiothetic

input
Visual
input

LV
SC

RC Calibrate

Figure 4: Simulated neural system. Redrawn with permission from
Strösslin et al. [13].

entorhinal cortex (mEC), and combined place code (CPC)
in the hippocampus (HPC) and subiculum. The directional
action cell (AC) in the nucleus accumbens (NA) is what
eventually drives the navigational learning of the CPC. See
Figure 4 for connectivity.

The cognitive map or spatial representation of the robot’s
environment is accomplished through unsupervisedHebbian
learning between the place cells and the head direction
cells. Additionally, route planning is accomplished by use of
biologically inspired reinforcement learning mechanism in
continuous state space (place cells) and ACs.

4.1.4. Hafner 2008

(1) Place Code and Cognitive Maps. In [14], Hafner uses place
cells for creating a cognitive map of a mobile robot’s area.
The mobile robot, outfitted with only an omnidirectional
camera and a compass, produces a cognitive map during
an exploration phase, where the map is represented by
place fields and place cells. Each snapshot taken by the
camera is converted into a 16-dimensional transformation,
which is used as the sensory input to a neural network
system. That is, each 360∘ camera snapshot is divided up
into 16 angular, azimuth sections of 22.5∘ each, filtered,
and sent to the place cells’ neural networks. The weights
of each neural network, initially set to random values, take
on evolved values during the exploration phase. The place
cells, as shown in the “output layer/map layer” in Figure 5,
become relationally connected to each other based on a self-
organizing map (SOM) methodology [59], where each single
winner of a particular snapshot becomes connected to the
previous winner and the corresponding connection weight is
increased. Since the place cells are not geometrically fixed,
they are assigned relative angles to each other, creating a
topological map. This is all done without the use of reward
during learning. Additionally, there is no goal state.

(2) Simulated Route Planning. However, once the neural
cognitive maps have been built, they can only be used
in simulation for navigation. The topological and metric
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Figure 5: Neural network structure as a result of learning connec-
tivity between place cells. The input layer represents input from the
robot’s sensors [14].

information requires too much memory to reside in the
mobile robot. Thus the mobile robot relies on landmark
(snapshot) recognition anduse of the SOMto reach goal spots
or areas.

4.1.5. Barrera and Weitzenfeld 2008

(1) System Overview. Barrera andWeitzenfeld [2, 22] propose
and implement a very complex, intricate, and modular
neurophysiologically based navigation model. As with Arleo
and Gerstner [12, 49], all of the proposed functionalities are
mapped back to existing neurophysiological entities. Addi-
tionally,many of thesemodules are implemented usingGaus-
sian distributions and the Hebbian learning rule/equation
for neural networks. The main goals of this research are (1)

for the mobile robot to be able to learn and unlearn path
selections for goal locations based on changing rewards, (2)
to create a realistic neuroscience based test bed for use in
further behavior studies, and (3) to add to the existing gap
in the SLAM model between mapping and map exploitation
[2]. The mobile robot’s test environment configurations are
limited to the T-maze and the 8-arm radial maze.

The neurophysiological theory that forms the basis for
this study comes from [60]. Thus, in addition to idio-
thetic and allothetic sensory inputs, there are also internal
state/incentives and affordances information sensory inputs.
Figure 6 shows the functional modules of this system, while
removing many of the underlying details of the neurophysi-
ological framework. Further details, such as model descrip-
tion, the neurophysiological framework, and equations for
each of these modules can be found in [2, 61–63].

Since the system lacks odometry and compass sensors,
the idiothetic data comes in the form of kinesthetic data that
is sent to an external motor control module, via the Action
Selection module as shown in Figure 6, which is used for
executing rotations and translations of the robot.

(2) Place Cells and Cognitive Map Generation. The Place
Representation module in Figure 6 is where the cognitive

map is made, stored, and accessed for the mobile robot to
select movement options. Thus, this module represents the
functionality of the hippocampus.The path integration infor-
mation is combined with landmark information, through
the Hebbian learning rule, to create a place cell layer. The
overlapping place cell fields in this layer represent given
locations or nodes that are found in the world graph layer
(WGL), as shown in Figure 7.

TheWGLuses a simple algorithm to decide its nextmove.
It analyzes active nodes connected to the Actor Unit and,
based on the highest weight, the WGL chooses the step that
will get it closer to its learned goal or the best move for the
time when a goal has been changed or not learned yet.

(3) Computational Complexity. Because of the high com-
putational complexity of this neurophysiologically based
navigation system, most of the model runs on an external
1.8 GHz Pentium 4 PC, which communicates wirelessly with
a Sony AIBO ERS-210 4-legged robot.Thus, the system is not
autonomous.

4.2. Theoretical Cell Centric Systems

4.2.1. Wyeth and Milford: RatSLAM, Version 3

(1) System Overview. Wyeth and Milford focus in [19, 20] on
a neurobiologically inspired, SLAM based, mapping system
for a mobile robot navigation system, based on models and
earlier versions of RatSLAM [13]. Their robot, a Pioneer 2-
DXE base system, performs mock deliveries in a large, single
floor, office building using simple sensors:motor encoders for
odometry, sonar and laser range finder for collision avoidance
and pathway centering, and a panoramic camera system for
landmark recognition. This system, named RatSLAM, uses
the concept of place cells coupled to head direction (HD) cells
to derive, what they call, pose cells.

(2) Pose Cells. The competitive attractor network (CAN) [4,
13] based pose cells are used with local view cells, which are
snapshots of the panoramic camera along the robot’s journey.
Thus, Milford and Wyeth have added a new type of cell: the
pose cell. The pose cell is similar to the conjunctive grid
cells, as they report, which is a combination of grid cells and
head direction cells found in the rodent brain. The pose cells
work like weighted probabilities that each local view cell is
in the direction and location of the stored pose (averaged).
Figure 8 illustrates the connectivity of the RatSLAM, version
3, as described here and in [23].

(3) Cognitive Map. The mapping algorithm incorporates a
loop closure and map relaxation techniques to correct PI
errors, thus creating more of a topological map than a metric
map. A loop closure event only occurs when a threshold of
consecutive local view cells matches the camera’s input, thus
allowing for a change in the pose data. So as to save original
pose data, the relaxed map is saved to an “Experience Map”
(see Figure 9 for an illustration of the ExperienceMap Space),
and the local view cells with accompanying pose cell data are
stored in a connection matrix. Due to the topological nature
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information pattern; EX = expectations of maximu reward on their corresponding directions (DX); DIR = next rat direction; ROT = rat
rotation; and DIS = next rat moving displacement.

WGL
Actor Units

ww ř

PC AF

EX
DX

Figure 7: World graph layer module which implements a topo-
logical map of the mobile robot’s environment inside the Place
Representation module.

of the Experience Map, transitions between experiences are
stored, thus allowing route planning to be possible.

The benefit that comes from this design is that it is
a first step into implementing the functionality of some
of the specialized, navigation and spatial awareness, brain
cells in a mobile robot. The downside is that it has been
shown that the competitive attractor network can be easily
replaced by a filter system [25], which leads to substantial
computational speedup. Additionally, even with pruning in

Landmark cues
(e.g., local view cells) 

Pose cells

Self-motion cues
(e.g., HD cells)

Experience
Map

Action

Figure 8: Connectivity diagram of the RatSLAM, version 3.

the Experience Map, data storage and processing do appear
to grow unbounded.

4.2.2. Cuperlier et al. 2007

(1) Transition Cell. Cuperlier et al. built a neurobiologically
inspired mobile robot navigation system in 2007 [24] using
a new cell type which they named the “transition cell.” Their
cell is based on the concept of moving from one place cell
to the next over a defined interval of time. Thus, two place
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cells are mapped to a single transition cell, creating a cell
which represents both position and direction of movement
or spatiotemporal transitions, thus a graph-like structure.

(2) Computation Complexity. Multiple neural networks span
the system’s architecture, as shown in Figure 10, from the
landmark extraction/recognition stage to the cognitive map
and motor transition stages. The many inputs of video, place
cells, and so forth into a system of neural networks require

many calculations to be carried out during each time step.
This complexity is similar to Arleo and Gerstner [12, 49]
and Barrera and Weitzenfeld [2, 22, 63], covered in the
previous section. To illuminate the amount of processing
that is required it is stated in [24] that the system uses 3x
Dual Core Pentium 4 Processors which run at 3GHz each.
Azimuth angles are measured using an onboard compass,
displacement is obtained fromwheel encoders, and the visual
is obtained from a panoramic camera.
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The navigation process starts at the leftmost part of
Figure 10, where a single, potential landmark is selected
and analyzed at a given time. This occurs up to 𝑁 times
per snapshot, where 𝑁 is set to a value to help balance
the algorithm’s efficiency with its robustness. Therefore, as
expected in any visual extraction/recognition system, a fair
amount of processing time and power is spent during this
stage. Additionally, during the initial exploration phase,
weighted neural network coefficients are calculated for each
potential landmark (32 × 32 pixels) and azimuth grid value,
so that these small local views can be learned online. Formore
details on the calculations performed to arrive at the place
cells from the landmark-azimuth matrix (PrPh) consult [24].

(3) Cognitive Map. Each place cell (center of Figure 10) is
connected to each neuron of the landmark-azimuth matrix,
where each connection has its own, unique, learned weights
for that landmark-azimuth-place cell combination, as well as
temporary scalars for the current, potential landmark view.
However, it is very likely that several place cells will be active
enough at a given location.Thepaper states thatwhen awhole
area has been mapped, during the initial exploration phase,
the place cells are divided up into their own areas to eliminate
these overlaps; see Figure 11, thus, creating a cognitive map.

An assumption is made about the average number of
possible place cell transitions from any particular place cell
for the test conducted in [24]. This is done to reduce 𝑁 × 𝑁

neural network based, transition matrix to 6 × 𝑁, where 𝑁

represents the number of possible transition place cell targets,
thus, greatly reducing the computational complexity from
O(N2) to O(N). However, this value may not work for all test
cases, or in-field use.

(4) Route Planning. The robot’s cognitive map built during an
initial exploration phase, as previously described, consists of

Figure 12: Topographical cognitive map in the form of a graph is
produced in the system, as illustrated. Permission for replication
given by Dr. Cuperlier et al. [24].

nodes and edges, as shown in Figure 12, and is thus a graph:
𝐺 = (𝑁, 𝐸). Each node is a transition cell and an edge signifies
that the robot has traveled between the two transition cells
or nodes. The edges hold weight value (e.g., function of use)
and the nodes hold activity values.The recorded nodes/edges
of the cognitive map are used in a neural network version of
the Bellman-Ford algorithm [64] to find themost direct route
from a motivation point to the single source destination,
while several types of motivations (drink, eat, sleep, etc.) are
used to initiate the robot’s travel to the proper destination
source.The satisfaction level of the motivations changes with
time and distance traveled, while increasing at the source.

4.3. Grid Cell Centric Systems. Perhaps due to the fact that
the grid cell was not discovered until 2005, or due to its
complex nature and unknown functionality/contribution to
navigation, there are a sparse number of robot navigation
systems that are based on the grid cell. Instead related
research in grid cells comes from computational/oscillational
models [36, 53, 65–68].

There are currently two prevailing computational model
classes for describing the stimuli configuration required
for the grid cell firing pattern. The first is the attractor
network which follows along the lines of what was covered
under the RatSLAM navigational model [53]. The second
is a much more computationally complex model called
oscillating interference [69]. The oscillating interference
model is typically simulated using spiking neural networks
on nonrobotic systems [36, 67, 68]. Both working models
have strong pros and cons to their validity. The continuous
attractor model, as introduced in [19, 20, 70], will be briefly
covered in the next section on neural networks, while
the computational model for a neurophysiological correct
oscillating interference model is beyond the scope of this
paper.
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As covered in the previous section, Milford and Wyeth
[19, 20] use pose cells in their neurobiologically based navi-
gation model RatSLAM, which are based on the conjunctive
grid cells found in the deeper layers of the medial entorhinal
cortex (MEC), as further described in [70, 71]. Additionally,
the wrapping connectivity of the pose cell grid creates a grid
cell type pattern. However, there ismuch scientifically backed
detail missing pertaining to the functionality of regular,
nonconjunctive grid cells found at the superficial layers of
the MEC, as well as the specifics of the conjunctive grid cells’
connectivity based on attributes of scale, orientation, and
phase modeled. Thus, this work will remain in the theoretic
cell section.

Additionally, Gaussier et al. [72, 73] used a mathematical
model of the grid cell for their mobile robot navigation
system. However, the grid cell’s firing pattern is a modulo
projection of the path integration input. The tests performed
on the mobile robot show poor patterns for the grid cell
firing when relying on just path integration with growing
accumulated errors as expected. Adding visual input to reset
and recalibrate the path integration fixes the noisy path
integration input, thus sharpening the firing pattern of the
grid cells. The grid cells are thus used more as a test pattern
for various arenas and path integration degradation settings.
The grid cells do not aid in themapping and route planning of
themobile robot.Thus, this study does not fully fit this section
and will not be covered in any more detail.

5. Literature Survey Analysis

As stated previously, the main focus of this paper is to
present research on state-of-the-art mobile robot navigation
systems that are based on true rodent neurobiological spatial
awareness and navigation brain cells. More specifically, this
paper critiques how closely these navigation systems emu-
late neurobiological entities (e.g., posterior parietal cortex,
dorsolateral medial entorhinal cortex, hippocampus, basal
ganglia, place cells, and head direction cells) and the systems’
autonomy classification, as well as their cognitive mapping
and route planning capabilities. A summary of the answers
to these questions can be found in Table 1, as well as critiques
at the end of each source surveyed.

5.1. Which Comes First, Technological Advances in Robotics or
Insight for Neuroscientist? The question as to what aspects
of these models covered in the literature surveyed may
benefit technological advances in robotics versus generation
of new insights and testable predictions for biologists and
neuroscientists needs addressing. To answer this question,
it is the authors’ beliefs that current and future state of
computational technology are what drives the answer to this
question.

The systems covered in this paper generally fall into two
categories: (1) robots with external computers linked to them,
which run relatively large scale neurophysiologically based
navigation models (neural simulators) and (2) robots with
onboard computers to run smaller, partial neurally based
models. The neurophysiological models that ran on external
computers in the covered work obviously had the advantage

of having more detailed models, as well as the capability for
backtracing (e.g., [27, 55, 56]), which is a type of neuralmodel
debugging. It is these types of systems that have the most
potential for giving biologists and neuroscientists data that
will help in gaining new insights and testable predictions.
Having a physical robot to gather sensor data and react to
motor commands also helps add a dimension that cannot
easily be realized, or issues that cannot be anticipated, in a
simulator.

However, it requires ingenuity and thinking out of the
box to implement a neurally based system within confined
parameters. It is most likely that these types of systems would
aid in technological advances in robotic systems first. For
example, as will be covered in theNeural Networks, the use of
graphics processor units for massively parallel, general pur-
pose computing (GPGPU) is being introduced into robotic
systems, primarily for deep learning. Deep learning has the
advantage of being a powerful application for visual object
recognition, speech recognition, object detection, and many
other applications. Additionally, deep learning is key to place
recognition for visual SLAM [74].

5.2. Importance of Visual Recognition in Navigation. As dis-
cussed in Section 2 and exemplified in the literature sum-
marized above, it is quite apparent that there is a strong
correlation between the visual recognition capabilities and
the overall navigation capabilities of the neurobiologically
based mobile robot. Navigation that is accomplished mainly
by visual cues is referred to as taxon navigation, and it
applies to animals, humans, insects, and so forth, as well as
classical and neurobiologically basedmobile robot navigation
systems. This comes as no surprise as it has been shown
that the specialized navigation and spatial awareness cells
of a rodent are dependent to some degree on visual cues
[23, 54, 75–77]. Additionally, biological systems, such as those
found in rodents, can navigate on nonvisuals cues as well.
These can be auditory, olfactory, and/or somatosensory cues.

5.3. Possible Future Directions in Model Computation. Who
knows what type of new, neural network based, computa-
tional system might be realized in the future from these
studies? Certainly, a neural network based system should be
composed of processing elements and connectivity networks
that more greatly resembles that of a brain, thus reducing
power and size requirements. Such a radically new, yet famil-
iar, processing system would require the findings from both
large, detailed models run on external computer clusters, as
well as from smaller system implementations.

6. Neural Networks

For completeness, we present a discussion on the computa-
tional complexity of the various neural networks used, such
as the continuous attractor network of the RatSLAM, the
Hebbian learning rule and how it relates to the type of artifi-
cial neural networks (ANNs) used in the literature, and deep
learning, which was not used but has interesting possibilities
given current computational technologies. Additionally, the
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computational limitations due to scalability of these types of
navigation systems are covered.

6.1. Continuous Attractor Network. To keep on track of the
target of of closely modeling neurophysiological systems,
both allothetic and idiothetic stimuli are fed into ANNs in
all of the literature. The one difference is with the RatSLAM
system [19, 20, 78, 79], which uses a variant of ANN system
called the (3D) continuous attractor network (CAN) system
(see Figure 9). Although the CAN is a type of ANN, it is less
computationally complex to update due to the fact that the
activity values of the CAN units are varied between 0 and 1,
thus keeping the weighted connections fixed. However, the
statistical nature of the RatSLAM cell calculations, as covered
shortly, will tax the processing system. Changes in the CAN
cell’s activity level Δ𝑃 is given in [20] by

Δ𝑃 = 𝑃 ∗ 𝜀 − 𝜑 (1)

or

Δ𝑃
𝑥

,𝑦

,𝜃
 = ∑
𝑖

∑
𝑗

∑
𝑘

𝑃
𝑖,𝑗,𝑘

𝜀
𝑎,𝑏,𝑐

− 𝜑, (2)

where 𝑃 represents the activity matrix of the network, 𝜀 is
the connection matrix, ∗ is the convolution operator, and
the constant 𝜑 is used to create global inhibition and general
inhibition in the connection matrix. At the CAN cell level,
as described in (2), 𝑃

𝑥

,𝑦

,𝜃
 is the change in activity level

for each cell, and 𝜀
𝑎,𝑏,𝑐

is the 3D Gaussian distribution of
weighted connections equation that creates local excitation
and inhibition at the cell level, where 𝑎, 𝑏, and 𝑐 are wrap-
around functions of 𝑥, 𝑦, and 𝜃, respectively. Greater detail
can be found in [70].

Another difference between the RatSLAM system com-
pared to the rest of the systems presented in the literature
review section is that the other systems useANNs throughout
their navigational system (thus increasing the computational
complexity but staying with the neurophysiological model
theme), while RatSLAM only uses the CAN for mobile robot
pose determination.The visual snapshot matching appears to
be of a non-ANN based algorithm, hence the scaling down
of neurophysiological realism due to onboard computational
constraints.

6.2. Hebbian Learning Rule. Hebbian based ANNs used in
the research literature covered in this paper can be described
by the general equations of

𝑦
𝑖
= ∑
𝑗

𝑤
𝑖𝑗
𝑥
𝑗
, (3)

Δ𝑤
𝑖𝑗
= 𝛼𝑥
𝑗
𝑦
𝑖
, (4)

where 𝑦
𝑖
is the output from neuron 𝑖, 𝑥

𝑗
is the 𝑗th input,

and 𝑤
𝑖𝑗
is the weight from 𝑥

𝑗
to 𝑦
𝑖
. The scalar 𝛼 is known

as the learning rate and it may change with time. The
Hebbian learning rule (Δ𝑤

𝑖𝑗
) is named afterHebb [51] and his

theory that the connection or synapse between two neurons
strengthens as a result of a repeated pre- and postsynaptic
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Figure 13: Single layer ANN with two inputs, two outputs, and two
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neuron firing relationship. Incorporating a bias or threshold
term 𝑤

0
and some transfer function 𝜎 results in the Hebbian

rule, as shown in [80–82], in the form of
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0
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The transfer function 𝜎 is typically a discrete step function:

sgn (𝑡) =
{

{

{

0 if 𝑡 < 0,

1 if 𝑡 ≥ 0
(6)

or a smooth “sigmoid”; for example

𝜎 (𝑡) = (1 + 𝑒
−𝑡

)
−1

, (7)

The sigmoid, as well as the tanh, and rectified linear unit
(ReLU) functions are typical nonlinear neurons used. The
ReLU is currently a very popular activation neuron in deep
learning.

The Hebbian general equation is inherently unstable,
where all the synapses can either reach their maximum
allowed value or transition to zero [83–85]. Thus, a simple
alternative equation to (4), such as that used in [12, 13, 86],
is as follows:

Δ𝑤
𝑖𝑗
= 𝛼𝑥
𝑗
𝑦
𝑖
(1 − 𝑤

𝑖𝑗
) . (8)

The neural networks used in the literature surveyed
typically use no more than a single hidden layer and are
feedforward neural networks; see Figure 13. These ANNs
are adequate for simple, discrete input/output combinations,
such as heading and turn angle.

6.3. Deep Learning. Deep learning is a growing variant of
the previously described simple ANNs. This is due to its
ability to find intricate structure in large data sets. Deep
learning network accomplishes this through added multiple
nonlinear processing layers. These processing, or hidden,
ANN layers are able to extract various object feature layers. As
previously stated, deep learning has offered advances inmany
domains, such as image recognition, speech recognition,
reconstructing brain circuits, natural language understand-
ing, and relational data. Specifically, for navigation, it is
the visual object recognition ability of deep learning and
deep convolutional networks (e.g., traffic sign recognition,
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detection of pedestrians) which allow autonomous mobile
robots and self-driving cars [87] to be realized.

Further details on specifics of the structure of deep
learning neural networks, backpropagationmathematics, and
so forth are beyond the scope and theme of this paper; thus
they will not be covered here.

6.4. Computational Complexity Limiting Realism Scalability.
When determining the computational complexity of a neural
network, there are three important parameters to consider:
size, depth, and weight of the network. The size is the number
of neurons and the depth is the length of the longest path from
an input point to an output neuron, while the sum total of
the absolute values of the weights represents theweight of the
network.

The training of the ANNs that are used for complex
pattern recognition, such as those found in interfacing
allothetic stimuli to the navigation system, can really only
be accomplished offline. The processing power and time
required would have too large of an impact on mobile robot
resources and usability. This is due to the many forward
propagation and back propagation cycles required to set the
weights of the ANN to the most optimum values possible
(given set number of cycle constraints) for each training
sample in the training phase. This is particularly true for
deep neural networks, which have many hidden layers. Thus,
the time complexity will be a function of network size
and particularly depth. An example of a simple two-input,
two-output, single layer ANN is given in Figure 13. Further
examples can be found in the literature surveyed.

Ways in which to add neurobiologically based entities,
such as allothetic stimuli, other percepts, and/or controlling
influences (e.g., nucleus accumbens, grid cells) from various
parts of the brain, while maintaining a usable mobile robot
footprint, are as follows:

(1) Use of mobile GPGPU of more complex ANNs.
(2) Removing ANNs from simpler parts of the system

that can be easily replaced by a good, cheap sensor
(e.g., head direction ANN in [12] with MEMs gyro-
scope).

(3) Creating an application specific integrated circuit
(ASIC) that models ANNs.

Option (3)would be themost expensive but also themost
efficient in power, size, and processing capabilities. Option
(1) is a more flexible option but still requires a great deal
of power and special programming expertise. An example of
what is available is NVIDIA’s� Tegra� K1 Mobile GPU with
192 lightweight parallel processor cores. NVIDIA GPUs can
be programmed using CUDA or cuDNN. Option (2) takes
the system away from the realism of a neurobiological system,
but some tradeoffs need to bemade tomodel portions that are
most important to the research.

7. In Brief

Certainly, one of the most important neurobiologically
inspired systems in use today is the ANN. It offers a new

paradigm in computation that is nearly impossible to recre-
ate. Our computers are best for arithmetic computations and
following a sequence of code. Visual and pattern recognition
applications are too complex to program. Thus, research
being done in this area, especially with the benefits found
from deep learning, will continue to contribute to the field
of artificial intelligence.

It is the hope of many researchers that work being
performed in neurobiologically based navigation and spatial
awareness systems will offer added technological advances to
the autonomous navigation capabilities of mobile robots, as
well as to better understanding of at least a small portion of
the brain.
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Lower limb exoskeletons are experiencing a rapid development that may suggest a prompt introduction to the market. These
devices have an inherent close interaction with the human body; therefore, it is necessary to ensure user’s safety and comfort.
The first exoskeletal designs used to represent the human joints as simple revolute joints. This approximation introduces an
axial misalignment issue, which generates uncontrollable internal forces. A mathematical description of the said misalignments
is provided to better understand the concept and its consequences. This review will only focus on mechanisms aiming to comply
with its user.

1. Introduction

Lower limb exoskeletons (LLE) are a type of humanoid
service robot designed to improve its user’s physical perfor-
mance, commonly during locomotion. As the name implies,
the support is given to the lower limbs through the ankle,
knee, and/or hip joints by means of actuated wearable
mechanisms.

According to its application, LLE can be classified as aug-
mentation, rehabilitation, or assistive exoskeletons. The first
category aims to enhance characteristics of the humanmove-
ment such as strength [1], endurance [2], speed [3], or meta-
bolic cost [4–6]. This kind of exoskeleton is of great interest
to the military as established by the development of systems
such as the Berkeley Lower Extremity Exoskeleton (BLEEX)
[7], Human Universal Load Carrier (HULC) [8], Hercule [9]
and XOS2 [10].

The rehabilitation category focuses on restoring motion
function and improving gait patterns of patients affected by
spinal cord injuries [11], strokes [12], foot drop [13], or even
poliovirus [14]. The exoskeletons belonging to this category
specifically help to provide the therapy needed to (partially)
restore normal gait. This can be achieved, for example, by
controlling the trajectory or torque of each user’s joint inde-
pendently [15]. This category can be illustrated by Lokomat

[16], Active Leg Exoskeleton (ALEX) [17], ReoAmbulator
[18], and Lower Extremity Powered Exoskeleton (LOPES)
[19].

Lastly, assistive exoskeletons’ objective is to compensate
physical disabilities caused by any sort of injury, trauma, or
weakness. Taking this into account, only the impaired joints
should be artificially supported by the robot, keeping the
others unaffected. Robots like ReWalk [20], Hal-5 [21], and
Ekso [22] belong to this category.

In the past ten years, this type of technology has been the
subject of an increasing number of publications (Figure 1).
According to Scopus [23], just in 2014 there were more works
associated with lower limb exoskeleton than the accumulated
publications between 1995 and 2010 (120 versus 110 published
items).

The rapid development is a result of advances in actuators,
sensors, materials, batteries, and computer processors. These
innovations had led Ferris [24] to state that, by 2024, people
will be walking down the street, in the malls, and to their
homes wearing robotic exoskeletons in a portable, svelte, and
fashionable way. However, it is yet a long way until we can
seize the full potential of exoskeletons.

There are still many things not completely understood
about the physiology and biomechanics of humanmovement
[25]. This unawareness makes it impossible, for example, to
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Figure 1: Publications per year reported in citation indexing service
Scopus [23] when searching for the term lower limb exoskeleton.

predict how exoskeletons will affect locomotion when there
is little knowledge of the cognitive mechanism involved in
the process [26].Therefore, to fulfill Ferris’ vision, researchers
must overcome several challenges in all areas of expertise
associated with exoskeletons: control, instrumentation, com-
puter science, electronics, and mechanics.

Irrespective of the different application fields, exoskele-
tons share a main objective for a proper functioning: transfer
power to the user’s limb. Additionally, due to the close inter-
action between robot and user, the robots must assure safety
of its wearer without compromising their own efficiency.
Both concepts relate directly to the mechanical aspect of
exoskeletons and will be the main focus for this paper.

Mechanically, the robot must provide support so that the
added weight, of either the loads or the exoskeleton itself,
does not affect the user. It also must adapt to the wearer’s
anatomy so it is beneficial for a wide range of the population.
All of this while maintaining a small size to ensure its
portability.

2. The Axial Misalignment Problem

There are two main concerns when designing the physical
part of an exoskeleton. The first one is the added mechanical
impedance to the legs which, in absence of a specialized
control scheme that masks the inertia, hinders the user’s
agility and increases the metabolic energy consumption [27].
The other is the mismatch between the human and robotic
joints which cause kinematic incompatibility.We focus on the
latter as it compromises the user’s safety and comfort.

According to Chasles’ theorem, the motion of any rigid
body can always be expressed as a translation along a line
followed by a rotation about the same line. In screw theory,
said line can be obtained by a twist which is a six-dimensional
vector that represents all the velocities of a body. This twist,
as any other vector, is formed bymagnitude and a unit vector.
The first takes the value of the angular velocity, while the
latter is a combination of the pitch (which is the ratio of
linear velocity to its angular counterpart) and a Plücker line.
The said line describes the position and orientation of an
infinite line that can be interpreted as the instantaneous axis

Rigid interface

Rigid interface

{f}

{g}

îr

îh

Figure 2: Representation of the simplified close kinematic chain
formed by the exoskeleton (human in blue, robotic in red).

of rotation (IAR), an extension of the Instantaneous Center of
Rotation in planarmovement, which is also the line described
by the theorem.

Additionally, in any open kinematic chain, no matter
the number of links, there is a twist (𝑇

𝑐
) that describes the

movement of the final link of the chain relative to its first. It is
equal to the sumof the twists (𝑇

𝑥
) of every joint that conforms

the chain

𝑇
𝑐
= 𝑇
1
+ 𝑇
2
+ ⋅ ⋅ ⋅ + 𝑇

𝑛
. (1)

The case is quite different for close kinematic chains;
adding every twist in the chain would imply calculating the
velocity of a body relative to itself, which is zero:

𝑇
1
+ 𝑇
2
+ ⋅ ⋅ ⋅ + 𝑇

𝑛
= 0. (2)

Individually, exoskeletons and human limbs are both
open chains, each one having a characteristic twist, 𝑓𝑇

(𝑅)

𝑔
and

𝑓

𝑇
(𝐻)

𝑔
, respectively, that describes the instantaneous velocities

of body {𝑔} relative to the reference body {𝑓}.
The exoskeletal application inherently requires connect-

ing both chains together, thus forming one closed kinematic
chain. Figure 2 is a representation of the said kinematic chain
that aims to illustrate the appearance of hyperstatic forces.

If we consider that the interfaces, aswell as the elements of
the human and robotic kinematic chains, are rigid, the twists
𝑓

𝑇
(𝑅)

𝑔
and 𝑓𝑇

(𝐻)

𝑔
must be equal. Failing in doing so will result

in the inability of the system to move. Hence, applying exter-
nal forceswhen the twists are differentwill not initiatemotion
but instead they will propagate through the system as hyper-
static forces affecting the human limb. In practice, this pheno-
menon is mitigated by the use of flexible elements in the
interfaces, yet it is never completely eliminated.

A formal description can be obtained by analyzing the
system through screw theory. According to (2), the sum of
the twists should be equal to zero

𝑓

𝑇
(𝐻)

𝑔
+
𝑔

𝑇
(𝑅)

𝑓
= 0. (3)
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If we apply the twist’s symmetric property and consider-
ing that ı̂

𝑥
represents the unit vector of twist 𝑓𝑇

(𝑥)

𝑔
, we can

rewrite (3) as follows:
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(4)

The equation presents two scenarios; in the first, both
magnitudes are zero, despite the values of the unit vectors,
which can be interpreted as no motion in either chain. The
second scenario requires that the unit vectors and the magni-
tudes of both chains are equal meaning that the chains share
the same angular velocity, pitch, and IAR.

It is important to remember that 𝑓𝑇
(𝐻)

𝑔
and 𝑓𝑇

(𝑅)

𝑔
are

the twists that describe the open human and robotic chains,
meaning that theoretically the IARs need to be equal for
the closed chain to move. Nevertheless, in exoskeletons,
movement can be obtained despite discrepancies between the
IARs.This reveals that there is a velocity of a body in relation
to itself, which can be expressed as the existence of a third
twist:

𝑓

𝑇
(𝐻)

𝑔
+
𝑔

𝑇
(𝑅)

𝑓
+
𝑓

𝑇
(𝑅)

𝑓
 = 0. (5)

The twist 𝑓𝑇
(𝑅)

𝑓
 represents the velocity of deformations

present in the system. Due to its hyperstatic nature, it is
impossible to determine the precise geneses of this twist. The
soft tissues surrounding the interfaces (i.e., skin) and in the
effective human joint (i.e., meniscus in the knee) are capable
of producing the new twist by deforming themselves [28].
Furthermore, the flexible elements are used in the connection
between human and exoskeleton, which also contribute to
𝑓

𝑇
(𝑅)

𝑓
 . Though deformations in flexible connections do not

occur explicitly in the human limb, they can chafe or damage
the tissues in contact [29] during prolonged usage.

The manifestation of deformations implies that there
are forces generated compressing the human limb rather
than helping it move. These forces, known as uncontrollable
forces [30], are responsible for compromising both safety and
comfort.

It could seem that the solution for this problem is to
simply design mechanism so that the IARs are aligned, yet
mapping ı̂

ℎ
is not an easy task. It is important to notice that

most human articulations act on several planes of the body
(sagittal, transverse, and coronal) at the same time as well
as having small translations due to bones sliding. The actual
location and direction of ı̂

ℎ
depend on the geometry of the

articulating surfaces, payload, and health of tissues such as
cartilages and ligaments [31].

Clinically, a noninvasive way to estimate the IAR pathway
is by taking successive radiographies of the joint of interest,
yet it has significant errors [32] as the radiography only
obtains a point in a plane rather than a line in space. Predict-
ing the position of ı̂

ℎ
requires a lot of information, especially

the description of bones’ contact surfaces. These surfaces
are very complex and cannot be determined exactly through

noninvasive methods. Additionally, biomechanical models
of joints, such as [33], usually rely on several calibration
parameters to adjust for the variability of dimensions among
people. Thus, failing to set these parameters to the correct
value for each person will produce an error estimating the
position and orientation of ı̂

ℎ
.

Taking into account the excessive variance ofmorphology
among subjects and the intrinsic complexity of the human
joints, it is impossible to determine a general design thatmax-
imizes the performance while minimizing the mechanical
interference [26] for every wearer.

Therefore, it is a common practice to simplify the human
joint kinematics when designing the robotic joints. Using
simple robotic elements such as revolute or spherical joints
to model human anatomy only considers the dominant rota-
tions and neglects the small dose of concealed translations
[34] making it impossible to correctly comply with the user
[35]. Yet the great advantage is the mechanical simplicity
obtained, which translates into simpler designs, actuation,
control schemes, and (consequently) cheaper prototypes.

3. State of Art

During gait, the whole body is engaged, from toes to arms.
Nonetheless, the ankle, knee, and hip have been identified to
be more relevant than any other joint, as they perform the
major motions and torques. This led pioneer researchers to
neglect the motion of the bones in the foot and to treat them
like one continuous link, as well as considering the upper
body as a concentrated mass, concentrating their efforts in
these three joints.

Another common simplification is to only consider the
effects of the joints along the sagittal plane (which divides the
right side of the body from the left), as these also represent
the majority of motion and torque compared to the effects of
the joints in the two remaining planes.

Researchers have acknowledged the axial misalignment
situation and have been proposing new mechanisms that
redefine the paradigms of exoskeletal design. They no longer
design structures that facilitate the engineering that is kine-
matics or control but design them with a human-centered
perspective looking for a better adaptation to the user’s
morphology.

From a physiological perspective, each of these joints
has a specific geometry, workspace, function, and charac-
teristic number of elements involved (bones, muscles, and
ligaments). As a consequence, we will group the reviewed
mechanisms according to the joint they are supporting.

3.1. Ankle. The ankle involves the relative movement among
four bones in three joints (Figure 3(a)). The tibia and fibula
converge in the tibiofibular joint, which produces almost no
motion but serves as a bracket to align the talus.The tibiofibu-
lar joint in contact with the talus is known as the talocrural
joint; it is responsible for plantar/dorsiflexion (movement on
the sagittal plane). And lastly, the joint between talus and
calcaneus, called the subtalar joint, is responsible for the
remaining movements [36].
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Figure 3: Anatomy of the human joints: (a) ankle, (b) knee, and (c) hips. Powered by BioDigital [66].

The ankle joint registers the greatest torque during gait
compared to the hip and knee [37]; this phenomenon is
associated with the ankle’s distal position along the limb
which creates greater lever arms.

As explained before, the focus is on plantar/dorsiflexion
as these movements represent the majority of motion during
gait. As a consequence, previous designs tend to be just a
revolute joint [5, 38–42]. Nonetheless, the torque generated
at the human ankle is so large that inconsistent rotation
center of the ankle mechanismmay be a potential risk against
the wearer’s safety [43]. Furthermore, balance may be com-
promised when limiting themotion of the ankle as it depends
on its proper functioning [44].

Agrawal et al. [45] proposed an exoskeleton that has
an active plantar/dorsiflexion joint combined with a passive
eversion/inversion joint.This prototype was one of the first to
use an alternative to the oversimplified approach. The results
show a good performancewith a simple PD controller regard-
less of being an underactuatedmechanism. On the downside,
its dimensions and weight (2.5 kg) limit its portability and its
applicability, as well as considerably increasing the inertia.

Fan and Yin [46] made a 3-RPS (Rotational-Prismatic-
Spherical) parallel mechanism.The design is capable of mov-
ing along all of the ankle DOF’s while providing a complying
couple with the user. The results proved that the ankle joint
meets the kinematical and dynamical requirement for reha-
bilitation, yet its application for a portable exoskeleton is also
limited due to its large size.

At the university of Bristol, Carberry et al. [47] used a 2
DOF 2-RP parallel mechanism that allows the same move-
ments as the one of Agrewal. The proposed design is lighter
(weighting only .75 kg) and easier at donning and doffing. In
addition, the exoskeleton addresses intersubject variability by
means of a parametric design, thus making it a more suitable
solution for assistive exoskeletons.

Hong et al. [43] proposed a passive spherical five-bar link-
age mechanism parallel to an active RSU-chain (Rotational-
Spherical-Universal). The design intends to closely locate the
axis of rotation of the ankle exoskeleton to that of the wearer’s
ankle. The results show that the design is capable of reaching
the whole spectrum of positions as the human ankle, though

they are in early design stages as no prototype has been
developed yet.

3.2. Knee. The knee is considered a condyloid joint [48]
formed by the femur and tibia (Figure 3(b)). It allows flexion/
extension and internal/external rotations; nevertheless, inter-
nal/external rotations are severely constrained when the knee
is loaded under body weight or fully extended [49]. During
flexion/extension, tibia rolls and slides on femur causing the
instantaneous axis of rotation to be displaced up to 30mm
[33].

Typically, the knee is simplymodeled as a revolute joint, as
seen in [40, 41, 50–52]. This approximation simplifies greatly
the mechanical and kinematical considerations during exo-
skeletal design at the expense of ergonomics and mechanical
compatibility with the human anatomy. According to [53],
this oversimplification produces parasitic forces in the user’s
knee that may lead to discomfort or injury over prolonged
time of use.

To avoid the said problem and provide a better user expe-
rience, several researchers are proposing new mechanisms
that comply with the users’ anatomy. Some of the first designs
to do so are those proposed byWang et al. [53].Theyproposed
four compliant designs using combinations of simple kine-
matic element as an alternative of the previous approxima-
tion: (1) pin and slider, (2) cam and slider, (3) pin and pinned
slider, and (4) cam with pinned slider. They used an anatom-
ically correct commercial model of the knee (A82 Functional
Knee Joint Model, 3B Scientific GmbH, Germany) to have
a more approximate measure of the internal forces without
recurring to invasive instrumentation setups. According to
the results obtained, the implementation of an extra joint
as a compliant element reduces the magnitude of the forces
generated at the knee almost to a tenth.

Parallel to Wang et al.’s work, Ergin and Patoglu [54]
developed a self-aligning knee exoskeleton by means of a
more complex mechanism.The design was based on a 3-RRP
planar parallel mechanism which included 3 DOF, two pas-
sive translations in the plane and one active rotation along the
perpendicular axis. The reported space where the ICR could
exist was a 120mm diameter circle in the sagittal plane and
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infinite number of revolutions along the 𝑧-axis. However, the
dimensions of the prototype are too big, compromising the
portability of a complete LLE that implements this design.

A couple of years later, Celebi et al. [49] developed
a new self-aligning knee exoskeleton, ASSIST-ON Knee.
This design was based on the Schmidt coupling [55], this
coupling allows for axialmisalignments between its input and
output links without losing power in the transmission. The
mechanism allowed the same DOF as its predecessor but a
smaller diameter (48mm), which indicates a more compact
prototype.

Another proposal for a compliant design was given by
Kuan et al. under the name of Adaptive Coupling Joint
(ACJ) [56]. The ACJ is based on a 2 DOF five-bar linkage
mechanism. It allows an external torque source to be applied
in the mechanism while permitting the displacement of the
axis of rotation through a set trajectory. According to the
authors, the ACJ is being manufactured and prepared for
further bench testing.

The presented designs use passive DOFs to be driven by
the human limb and couple accordingly; however, this tactic
sacrifices the weight support capability of the exoskeleton.
This negligence may imply a reduced area of opportunity for
further applications. Considering this, and trying to reduce
pain for people with knee osteoarthritis, Lee and Wang [57]
built a prototype thatwas capable of providingweight support
during the first 20∘ of flexion and a compliant coupling for
the rest of the motion. Unlike previous designs, the approach
of this prototype was through deformable links rather than
rigid links. The results show that this design was capable of
supporting up to 20% of human weight during walking on
level floor.

3.3. Hip. The hip joint is a multi-axial ball-and-socket syn-
ovial joint where the femur head acts as the ball and the
pelvis as the socket (Figure 3(c)). The hip joint moves in
different planes that pass through the joint center, behaving
as a kind of spherical joint, allowing three DOF’s. All these
DOF’s are important in order to allow stable locomotion,
even in a straight line [58]. Considerably, the hip is the least
studied joint in terms of proposed designs for compliant
exoskeletons.

Singla et al. [59] utilized the ball-and-socket model of
the hip and implemented a spherical 3-RRR mechanism.
Similar to Hong’s ankle mechanism discussed previously, the
mechanism tries to locate its own axis of rotation as close
as possible to the one of the hip. It is important to notice
that this design has a fixed center of rotation with respect to
the waist and thigh attachments. Results yield an acceptable
mechanism kinematically but dynamic performance was not
considered.

Pan et al. [60] proposed a more compliant exoskeleton
than Singla et al.’s. The design consisted of a 5-DOF 3-PUU
parallel mechanism. Once coupled with the user, two of those
DOFs are passive and are used to alignwith the user’s hip, and
the remaining are active and are used to control its position.
The kinematic analysis suggests that the configuration is
reliable; however, there is no prototype yet.

Yu and Liang [61] proposed, similar to Pan et al.’s design,
a 6-DOF 3-UPS parallel mechanism.This exoskeleton used 3
DOFs to align the user’s hip. The design was optimized using
the authors’ proposed Manipulability Inclusive Principle,
which compares the manipulability ellipsoid [62] of both
kinematic chains to ensure the robotic kinematic chain can
shadow all human’s movements. Using this principle should
be proof of its assisting ability and quicker reaction.

3.4. Combined. To our knowledge, there is only one lower
limb exoskeleton with more than one active compliant joint:
the design of Yang et al. [63] known as Bionic Lower
Extremity Rehabilitation Exoskeleton (BLERE). At the knee,
they used a pinned slider alongside a cam as proposed in
[53], while at the hip, they used a curved slider and two
revolute joints allowing free movement in all of the 3 DOFs
available. Only the flexion/extension motion is powered in
both mechanisms. The prototype proved the compliance of
the design yet its big size may be still a problem for massive
implementation.

4. Methodologies

All of the works mentioned represent an advancement in
the solution of the misalignment problem; nevertheless, each
one is focused on a specific case of study. To attend the
general problem, a couple of researchers have proposed
design methodologies to facilitate the coupling between an
exoskeleton and the human user.

The first one was proposed by Jarrassé and Morel [30]
after recognizing the hyperstaticity generated when con-
necting the human and robotic kinematic chains. Its main
objective is to prevent the manifestation of uncontrollable
forces rather than align the chains.Themethod, given an exo-
skeleton designed to replicate a limb kinematic model, pro-
vides three equations to design passive mechanisms that act
as interfaces between the kinematic chains. These equations
derive from the Global Isostaticity Condition (GIC), which
establishes that no forces are to be transmitted to the human
chain through the interfaces and no velocities are allowed in
the robot chain when the user is static. This condition is first
stated in terms of the spaces of twists and wrenches and then
it is expressed in terms of the connectivity of the mechanisms
involved (robot, human, and interfaces) so that at the end we
can calculate the number of passive DOFs necessary in the
interfaces to fulfill the GIC.

The methodology was applied in two experiments with
the same exoskeleton, one with a manikin and the other with
human users. The results in the first experiment reduced the
appearance of uncontrollable forces by an average of 96%
while those of the second have a less impressive yet significant
reduction of about 30%. Nevertheless, the reduction of
uncontrollable forces came at the cost of also reducing the
assistive forces meaning a lower efficiency for the robot.

This new approach to exoskeleton design focuses on the
interfaces leaving the original robot structure untouched.The
direct implication is that any exoskeleton already available
could be benefitted by new interfaces without altering its
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current design, which should not affect their control scheme.
On the other hand, its greatest restriction is that the method
can only be applied in robots that mimic the human limb
anatomy and that have all of their joints powered.

Later on, theKinetostatic CompatibilityMethodwas devel-
oped by Cempini et al. [64]. Different from the hyperstaticity
approach from the aforementioned method, this one focuses
on avoiding the misalignment between chains. The objective
is to design self-aligning mechanisms (SAM), much more
similar to the mechanisms described in the previous section,
so that these fulfill four requirements: kinematic closure,
adaptability, controllability of the human joint position, and
assistance effectivity. Regardless of the specific application of
the exoskeletons, the requirements are the same.

Cempini’s strategy is to add the necessary degrees of
freedom to the kinematic models of the human limbs so that
the minimal set of variables that define the pose is covered;
that is, when modeling a hip as a spherical joint, the added
DOFs are the three remaining translations to cover the six
parameters that define 3D space.These extra DOFs are called
deviations and are used as an independent parameter that
helps define the homogeneous transformations matrices for
the human chain.

The expanded model then helps to set the restrictions
necessary to achieve all the requirements leaving three ele-
ments that can be set by the designer: the desired workspace,
the human articulation variability, and the SAM chain itself.

While this method presents a more general solution in
terms of the possible robotic kinematic chain to be used, there
is no experimental result that would let us quantify its success.
It is also important to emphasize that the choice of a suitable
kinematic model is out of the scope for this method as it is
extremely difficult to generalize.

Lastly, it is highly recommended to revise both of these
works to further understand the concepts and the formaliza-
tion of the individual objectives intomathematical equations.

5. Discussion

The presented lower limb exoskeletons are capable of accept-
ing large misalignments between axes, which allows them
to be used by different sized people without the need to
manually adjust them. Due to the lack of adequate “in vivo”
measurements of human morphology, these exoskeletons
represent a solution for the misalignment problem as well
as an improvement on the first proposals; however, some
disadvantages still need to be addressed.

A great disadvantage of these self-aligning mechanisms
is that they all increase design complexity and mechanical
impedance compared with exoskeletons based on simplified
human articulations. The increased mass is especially critical
for machines interacting with human users, since it amplifies
the risk of injuries in case of failure [65]. Consequently, it
is essential to find the best tradeoff between a theoretically
misalignment-free design and a simple mechanism.

Also, most of the designs discussed use passive DOFs to
be driven by the motion of the user’s leg, thus letting the
exoskeleton be self-aligning. These underactuated systems
provide torque assistance in the desired joint but lack weight

support.Thismeans that the forces generated by the exoskele-
ton weight, as well as the ones generated by its actuators, will
not be translated to ground but to the user. Though it has
not yet been proved, the lack of weight support for prolonged
time may cause damage or pain in human joint tissues, thus
limiting applications for assistive and augmentation purposes
where long-time usage is fundamental.

Another perspective is given by Zanotto et al.’s investiga-
tion [65]. They compare the effects of the axial misalignment
to the inertial effects.Human-robot interactions are sensed by
two six-axis sensors mounted at the interfaces while torques
exerted by the actuators are measured by means of single-
axis sensors. The results suggest that the inertial effects are
considerably larger than the ones produced bymisalignment,
as well as pointing out that the traditional approach may
be sufficient to guarantee the wearer’s comfort in spite of
substantial misalignments. While this study may contradict
the purpose of specifically designing mechanism to comply
with the axial misalignment, it is important to emphasize that
the research does not consider the internal forces that act on
the limb; therefore, the conclusions given are purely from the
robot point of view.

Finally, it is fundamental to consider that there must exist
balance between exoskeleton compliance and inertial effects,
since adopting larger, more complex mechanisms can result
in an impediment for development and massive distribution
of this type of robots.

6. Conclusion

The exoskeleton development has had remarkable progress
regarding correct compliance between robot and user. The
new human-centered design approach has led to several
designs that have successfully attached the robot without any
major alignment problems, as well as methodologies that
help designers to create robots capable of complying with
the human. Yet further studies are needed to ensure the
mechanisms’ capability of assistance as well as weight support
capability of the exoskeleton. Physical prototypes are needed
to better understand the capabilities and limitations of each
design.

Moreover, there is still a lot of work to be done to achieve
Ferris’ futuristic vision of exoskeletons.The next step towards
achieving ideal mechanical design is to ensure that no forces
(caused by weight, inertia, or hyperstaticity) are introduced
at any point of the lower limb.We actuate the systems in such
a way that the efficiency of the robot and the safety of the user
are not compromised and, finally, design complete lower limb
exoskeletons to assist every joint during gait.
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Movement of the knee joint of a human includes rolling and sliding.There also exist rotations in the frontal and horizontal planes. To
assist the standing movement of a human, we developed a bioinspired knee joint and torque adjustment mechanism. We evaluated
the motion, torque characteristics, and stress of the developed mechanism. This joint allows deep flexion of the knee with small
resistance for both the user and the device. In addition, in spite of 33% error in deep flexion, the measured torque over less than
120 degrees fits the designed torque curve. We conducted evaluation tests for a human subject. The electromyogram (EMG) of
musculus rectus femoris was measured during standing with or without the assistance. The result shows 30% and 63% reduction
with the assistance from 100-degree and 80-degree knee angles, respectively. In addition, the proposed device reduced up to 80%
of stress in the frontal plane during standing.

1. Introduction

The aging of society is rapidly progressing all over the world.
According to the report of Department of Economic and
Social Affairs, USA [1], the number of persons aged 60 years
or more was 841 million in 2013 worldwide, and the number
is expected to be 2 billion in 2050. Aging affects the overall
physical functions. In particular, arthralgia (joint pain) is one
of the most severe factors that prevent active lives of the
aged. In Japan, the number of patients suffering from knee
osteoarthritis is approximately 7 million, and the proportion
continues to increase [2]. Knee joints are very important for
many activities of daily living, for example, standing, walking,
and climbing stairs; more than 0.5Nm per body weight in
torque is generated in the knee joint during walking [3]. The
torque required in the standing action exceeds this value.The
pain of knee osteoarthritis causes the losses of the range of
motions,motivations of activities, and range of their activities
in life.

The power-assist technology was originally developed as
supporting technology for military persons [4]. However, the
technology is now expected to promote the active life of the
aged. Commercially available power-assist wearable devices
already exist, for example, MuscleSuits (INNOPHYS Co.,
Ltd.) [5] and HAL (CYBERDYNE Inc.) [6]; these devices are

used to reduce the loads of standing or the carrying burdens
of persons. Such devices use several types of actuators to
generate the assistive torque and can reduce the force that
directly reacts on the user’s body. However, due to the
limitation of the mechanism, almost all of the devices do
not support motions that require deep flexion of the knee. In
addition, some devices that utilized electromagnetic motors
tend to be quite heavy.

In recent years, pneumatic artificial muscles have been
the focus for use in power-assist system because of their high
force/weight ratio [7]. A pneumatic actuator contracts with
the injection of air. The core element of a pneumatic actuator
is a flexible membrane closed at both ends; this rubber bag is
wrapped with the sleeves of hard plastic fibers. The rubber
bag inflates with the injection of air, but the deformation
toward radial direction is limited by the hard sleeves. As a
result, the contraction toward axial direction occurs with the
injection of air [8]. The above-mentioned MuscleSuits also
utilize pneumatic artificial muscles.

Theuse of the pneumaticmuscles in a power-assist system
depends on the application and ismainly categorized into two
types. In some devices, the pneumatic muscles are directly
attached onto the surfaces of the human body, similar to
clothes, for example, in the front and back of the target joint
to assist its flexion and extension [9]. The other devices are
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combinations of the pneumatic actuators and mechanical
joints, with a single-axis that is located in the outer side of
the human joint [10]. The former types have an advantage
that they do not require accurate alignment to the axis of
the human joint. However, the inflated actuators give users
the feeling of pressure. Alternatively, although the latter types
of devices do not give such feelings of pressure, they must
be accurately adjusted to the human joints. In addition, the
above studies have not addressed the deep flexion of knee,
although there are many such motions in daily life.

The complicated motion of knee joint results from the
restraints of motion with the related ligaments and tendons.
For example, the extension of the knee includes the roll-back
motion, which is a combination of rotation and sliding [11].
At the same time, the rotational axis moves, depending on
the knee angle. It is difficult to adequately fit the natural
motion of human knee joint only using a mechanical joint
with a single-axis. Some studies that utilize a bioinspired
knee mechanism can be found in the field of humanoids
[12, 13] and prosthetic knees [14]. Terada et al. [15] developed
a knee-motion-assist mechanism for a wearable robot with
a noncircular gear and grooved cams. In this paper, we also
focused on the bioinspired knee joint mechanism but utilized
a different mechanism.

Furthermore, during flexion of the knee joint, the femur
normally has a 5–10 degrees’ abduction against the tibia,
reaching up to 30 degrees during extension in some cases
[16]. From the 30-degree flexion to the terminal extension, the
femur rotates 5–10 degrees in inner rotation. This motion is
important to lock the knee motion in the terminal extension
of the knee and prevent hyperextension [11]. There are few
studies of the mechanical knee joint that considered the
motions in the frontal and the horizontal planes.

A new mechanical knee joint that solves the above-
mentioned problems is necessary for the pneumatic actuator-
based power-assist suit to improve the usefulness and comfort
of the suit. In this study, we propose a newbioinspiredmecha-
nism for mechanical knee joint and flexible elements that can
reduce the stress from the motion with the misaligned joint.

2. Target Setting

2.1. Trajectory of the Axis of the Knee Joint. Themotion of the
axis of knee joints is a combination of rotation and sliding
[11]. Therefore, the rotational axis is not fixed in a point.
According to the definition of the coordination system in [17]
(Figure 1), the origin of the femur’s rotation in the sagittal
plane with respect to the tibia’s origin moves as shown in
Figure 2 during the standing motion [16]. The vertical axis
of this figure shows the displacement of the superior-inferior
motion of the rotational axis (positive values denote the
superior positions).The horizontal axis shows the anteropos-
terior motion (positive values denote anterior positions).The
number indicated at each plot denotes the knee angles, and
the maximum extension and flexion are 0 and 150 degrees,
respectively.

2.2. Goal of Assistive Torque. The solid line in Figure 3 shows
the average torque profile during standing for a Japanesemale

X

Y

Femur

Tibia

Rotational
center

O

𝜃

Figure 1: Coordination system of the tibia and femur [17].
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Figure 4: Measurement method for determining the force charac-
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(40 years old, weight: 65.3 kg, and height: 171 cm) obtained
from [18]. The maximum torque is 57.8Nm at the moment
of standing. The maximum torque remains flat within 80–
150 degrees’ knee angle. This line is defined as a reference in
this paper. In this study, we set a half of the reference as the
goal of the assistive torque (Figure 5). For simplification of
the structure, only extension of the knee was assisted with
the device. As a result, the negative torque in the reference
was translated to zero in the goal.

2.3. Force Characteristics of the Pneumatic Actuator. In this
study, we used AIR-MUSCLE (Kanda Tsushin Kogyo Co.,
Ltd., A300B20C20D, nominal length: 800mm, and max.
pressure: 0.6MPa) as a power source. In addition, the
maximum air pressure was defined as 0.3MPa to allow for
use of a compact compressor. This actuator is a McKibben-
type artificial muscle, which can generate a compression
force with air input. The force characteristics of the actuator
were measured with the setup shown in Figure 4 because the
actuator has individual difference in the force characteristics.

Figure 5 shows the experimental results of the static force
characteristics of this actuator. The horizontal axis shows the
contraction ratio with respect to the nominal length. The
vertical axis shows the compression force with each value
of inner pressure and length. This actuator generates more
than 750N with 0.3MPa at the nominal length. The force
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Radius
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Figure 6: Knee mechanism of the device.
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Figure 7: Motion of the knee mechanism.

decreases with the compression rate, and it becomes zero at
approximately 20% compression.

3. Materials

3.1. Bioinspired Knee Joint. We developed a prototype of
the joint mechanism by referring to the trajectory of the
rotational center [19], as shown in Figure 2. Figure 6 shows
the structure of the prototype, which consists of an upper
part, a lower part, a wire rope, and a pulley. The upper part
and the lower part move relatively with sliding and rolling.
The rotational center of the upper part has a shaft that can
move in a curved hole. A circular pulley is fixed with the
upper part and is joinedwith a wire rope, one edge of which is
fixed on a point of the lower part.The anteroposteriormotion
of the rotational axis depends on the knee angle because the
shape of the sliding surface is noncircular (see the middle
figure of Figure 6). The wire-pulley mechanism is also used;
this mechanism defines the length between the rotational
center and the fixed point (see the right figure of Figure 6).
The actual motion of the mechanism is shown in Figure 7.
This joint allows for deep flexion of knee with small resistance
for both the user and the device (Figure 8).

3.2. Lever Arm for the Pneumatic Actuator. Figure 9 shows
the basic structure of the proposed power-assist suit.The joint
mechanism mentioned above is activated with a McKibben-
type artificial muscle. For simplification of the mechanism,
there are no reduction gears. In this structure, 40mm of
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Figure 8: Squat with the knee mechanism.

Pneumatic artificial muscle

0deg. 90deg. 150deg.

3
0
0

m
m

Figure 9: Structure and motion of the device.

compression is required to achieve 150 degrees of flexion.
Thus, we selected the AIR-MUSCLE as the actuator.

To meet the goal of Figure 3 with the force characteristics
of Figure 5, the adjustment of the lever arm is required.
Hence, we designed the shape of the outer surface as the
patella of the device (Figure 9). As shown in Figure 5, the
actuator can generate a large force over a low range of
the contraction rate. The force gradually decreases with the
contraction and reaches zero at a specific contraction rate.
However, the required torque remains constant within knee
angles 80–150 degrees (Figure 3). To meet this requirement,
the shape was designed to have a large lever arm at 90-degree
flexion of the knee.

To simulate the torque generation with this structure,
we assumed two friction areas, as shown in Figure 10. We
attached fluororesin tapes onto the surface of the lower part,
and then the friction coefficient between the upper and lower
parts was defined as 0.3. The friction coefficient between
the slit (aluminum) and rotational shaft (stainless steel) was
defined as 0.4. The calculation result is shown in Figure 11.
The designed curve almost achieves the goal.

3.3. Hinge Mechanism for Flexibility. To enhance the com-
patibility of the wearable device with the human body,
the mechanism should have suitable flexibility. However,
rigidity is required for the control of direction. To satisfy
these conflicting requirements, we use a pair of hinge joints,
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Figure 10: Motion of the torque adjustment mechanism.
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Figure 12: Hinge parts for flexibility.

as shown in Figure 12, between the human body and the
machine. One of the joints has a simple rotational joint and
is attached to the femur (upper) part of the device. The other
has a pin and a slot to allow for rotation and sliding and is
attached to the lower part.

The hinge parts were installed between the knee mech-
anism and the plastic cuffs. The plastic cuffs were tightened
on the user’s thigh and shin by using wide and stretch-
able supporters. Figure 13 shows the motion of the knee
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Figure 13: Installation of hinge parts and their motion.
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Adjusted

Figure 14: Setup for the torque measurement.

mechanism with the hinge parts. The upper and lower cuffs
fit on the legs during abduction and adduction of the knee.
The smooth flexion and extension of knee were achieved.

4. Evaluation of the Torque Output

4.1. Method. To evaluate the torque output, we prepared an
experimental setup shown in Figure 14. The basic structure
of the assist device was fixed on a rigid base. A wire rope was
hooked at a specific point on the device with one end. The
other endwas hookedwith a force sensor and the force sensor
was manually fixed onto the base such that the wire rope
is perpendicular to the base. The static torque measurement
was conducted on each knee angle (7 points between 0 and
150 degrees). A constant air pressure of 0.3MPa was applied
to the actuator for each angle of knee (0–150 degrees). The
torque around the axis of the knee joint was calculated with
the torque and lever arm.

4.2. Result. Figure 15 shows the experimental results (plots)
and the design torque curve. The measured torque for angles
less than 120 degrees fit the designed curve. The friction
model mentioned in the Section 3.2 adequately estimated the
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Figure 15: Comparison of the measured and design torque.

Figure 16: Flattened tube at deep flexion of the knee.

static assistive torque of the device for angles less than 120
degrees. However, an error exists between the measured and
design torque in deep flexion for angles of over 140 degrees.
At the maximum flexion, the measured torque was 33% less
than the design torque.

4.3. Discussion. To explain the cause of the error in deep
flexion, Figure 16 shows the condition of the pneumatic
actuator at a knee angle of 150 degrees. As shown in the
picture, the main tube of the pneumatic actuator is flattened
in the deep flexion; this separates compressible volume in this
state. This flattened state possibly corresponds to a 33% loss
from the maximum output of the actuator. This problem can
be solved by using a longer actuator; however, the required
margin of air volume results in the delayed response at the
initial moment of standing motion. We will attempt to solve
this problem in the future.

5. Evaluation of Assistance

5.1. Method. Despite the shortness of output in the deep flex-
ion condition, we conducted evaluation tests using a human
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Figure 17: Device attached on the body.

subject. A male subject (22 years old, weight: 65 kg, and
height: 177 cm) without any physical or mental disabilities
was recruited. He wore the assistive device on his left leg
(Figure 17). The plastic cuffs were tightened on his thigh and
shin by using wide and stretchable supporters. He sat on seats
of two different heights (210mm and 420mm) at the initial
state before standing. A wireless electromyogram (EMG)
sensor (Logical Product, LP-WS1221) was attached on the
musculus rectus femoris of his left thigh, and the EMG was
measured during standing. A Flexible Goniometer System
(Biometrics Ltd., K800 and SG110) was used to measure the
knee angle. We just opened a valve for the air tube of the
actuator at the instant of standing with assistance from the
device. The air pressure was maintained at 0.3MPa during
assistance. The start switch was pushed by the subject. The
experiment was repeated five times for each condition.

5.2. Result. The knee angles at the initial state were 100
degrees for the 210mm chair and 80 degrees for the 420mm
chair. Figure 18 shows the experimental results for the four
conditions described as follows:

(1) EMG without assistance from 100 degrees.
(2) EMG with assistance from 100 degrees.
(3) EMG without assistance from 80 degrees.
(4) EMG with assistance from 80 degrees.

The horizontal axis shows the knee angle; the angle starts
from 100 degrees for conditions (1) and (2) and 80 degrees
for conditions (3) and (4).

The root mean square (RMS) with 100ms interval was
calculated from the raw EMG signals.The results of repeating
the test five times are averaged for the same angles. The
maximum for condition (1) was defined as the maximum
voluntary contraction (MVC).

5.3. Discussion. The maximum outputs appeared just after
standing, followed by a gradual decrease. This trend is
consistent with the characteristics of knee torque during
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Figure 18: Muscle activation with and without assistance.

standing (Figure 3).The peak EMGs with the assistance show
30% and 63% reduction from that without the assistance for
100 degrees’ standing and 80 degrees’ standing, respectively.
After the peaks, the EMGs with the assistance were signifi-
cantly smaller than those without the assistance. From these
results, the developed device was found to successfully help
standing only with the user’s effort at the initial moment of
standing. Although the designed assistive torque is just half
of the reference torque (see Figures 3 and 15), the device
significantly reduces the muscle activation without the initial
period of standing.The reason for this result remains unclear;
however, there is a possibility that the assist device also helps
to reduce the muscle activation for maintaining posture.
In this study, we conducted the experiments for a healthy
subject. However, the final goal of this device is to assist the
standing of disabled people. To achieve this goal, we must
establish the biofeedback control using the EMG signals. One
of the merits of this device is the simplicity of the control. A
feedback control systemwas not used in the proposed device.
We only input a constant pressure of air in the pneumatic
actuator because the output characteristics are mechanically
adjusted for the standing motion. This merit is helpful for
developing a rehabilitative assistance suit for standing.

6. Evaluation of Stress

6.1. Method. Misalignments of assist suits generate unex-
pected stress on users’ joints and skins. In order to reduce
such stress, we proposed the bioinspired knee joint and
flexible hinge parts. In this section, we measured the stress
applied to the device in three conditions:

(1) A single-axis knee joint (its rotational center is fixed
at the position of knee extension) without the flexible
parts.
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(2) The single-axis knee joint with the flexible parts.
(3) The bioinspired knee joint with the flexible parts.

A strain gaugewas attached on the upper part of the knee joint
(Figure 19). A healthy subject wore the knee mechanism and
flexed (0–150 degrees) and extended (150–0 degrees) his knee
joints 5 times without the assistance. The bending moment
in the frontal plane applied to the frame of the device was
calculated from the measured stress.

6.2. Result. The experimental results are shown in Figure 20.
The vertical axis is the bending moment on the upper part,
and the horizontal axis is the angle of knee joint. The
negative direction of the bending moment represents the
deformation away from the user. Each mark denotes the
average value in each condition. The error bars denote the
standard deviations.

6.3. Discussion. The bending moments at the maximum
flexion are 0.46Nm, 0.09Nm, and 0.07Nm for conditions
(1), (2), and (3), respectively. But, for condition (2), the max-
imum absolute value reached 0.11 Nm in negative direction.
During flexion of the knee joint, the femur normally has a
5–10 degrees’ abduction against the tibia [11]. This motion
generates undesired stress on both users and assist suits.
The flexible parts reduced the stress 80% at the maximum
flexion. In addition, the maximum variations are 0.20Nm
and 0.11 Nm, for conditions (2) and (3), respectively. The
bioinspired knee joint reduced 45% of the variation of stress
during standing.

7. Conclusions

In this study, we developed a new knee joint mechanism
that includes a torque adjustment mechanism. We evaluated
the motion, torque characteristics, and stress of the device.
The combination of the sliding mechanism and wire-pulley
mechanism fitted the subject’s flexion-extension motions.
The result of the EMG measurement during standing shows
30% and 63% reduction with the assistance of motion
over 100-degree and 80-degree knee angles, respectively. In
addition, the proposed device reduced up to 80% of stress in
the frontal plane during standing.
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